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The structural, spectroscopic, and thermochemical properties of three polyatomic mol-
ecules with internal rotation—HN(g), H,SO,(g), and HO,(g)—have been reviewed.
Three revised ideal gas thermodynamic tables result from this critical examination. The
revisions involved the consideration of new spectroscopic information and the use of
theoretical results to model the internal rotation in thegs8, molecule. Compared to
previous calculations, the entropies at 298.15 K are unchanged for ldN©OH,O,, but
the high temperature value3 ¥ 4000 K) are significantly different. As for 4$0,, its
thermodynamic functions differ significantly from values calculated earlie2G©3
American Institute of Physics[DOI: 10.1063/1.1547435
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880 DOROFEEVA ET AL.

volved in the formation of various atmospheric particles.tions are discussed in several textbooks, review articles, and
These particles play a key role in atmospheric chemical rereference books?1’~2° Molecular and spectroscopic con-
actions which influence climate and ozone depletion. Thestants needed for the calculations were selected from the lit-
increased interest in these reactions and the field of atmaerature or estimated from theoretical calculati¢tzssional
spheric chemistry, in general, has stimulated the present rgotential function for HSO, moleculg.
evaluation of the thermodynamic properties for HNO To evaluate the internal rotational contributions to the
H,SO,, and HO,. thermodynamic functions, the internal rotational partition
The thermodynamic properties of gaseous HN&,SO,, function was formed by the summation of internal rotational
and H,0, have been calculated earfiér(see also the refer- energy levels for each rotor. These energy levels were ob-
ences quoted within Chasand Gurvichet al?). In both  tained by the diagonalization of the one dimensional Hamil-
cases, the statistical thermodynamics calculations were basgghian using the potential function of the general type
on molecular constants determined prior to the 1980s. Since
that time, a number of experimental and theoretical investi- V(g)=Vo+ >, Vycosne+ >, Visinng, (1)
gations have been performed in which the data on molecular n n

structure, vibrational spectra, and internal rotation were subyhereg is the internal rotational angle. The method for gen-

stantially improved. - erating the internal rotation energy levels has been described
From the microwave data on eight isotopomers of HNO by |ewis et al?*?? The constant required to generate the
the zero-point average structure has been derivilillh-  internal rotational energy levels for each rotor is the internal

resolution infrared, diode-laser, and Fourier transform specrotational constantF) or reduced moment of inertia of the
troscopic investigatioris'* have enabled the precise values rotating group [,). Where available, th¥/,, terms and inter-

for all the fundamental frequencies of HYy@o be deter- nal rotational constant were taken from spectroscopic data. If
mined. In previous statistical calculations, the internal rotathe F value was unavailable, it was calculated from the re-

tion in the HNG; molecule was ignored or approximated by duced moment of inertia with the relationship
the potential barrier estimated from the torsional mode. The )
F=h/8="cl,. 2

internal rotation can now be treated accurately, using the

potential for the torsional motion of the O—H bond as deter- Sources of uncertainties in the calculated thermodynamic
mined from a recent analysis of the infrared spectrum ofunctions arise from uncertainties in the molecular constants
HNO;. M used in the calculations as well as deviations from the rigid-

The thermodynamic properties of,850,(g) were calcu-  rotor harmonic-oscillator model. In this work uncertainties in
lated earlier assuming this molecule h&j, symmetry. the thermodynamic functions were estimated by the proce-
However, the results of microwave spectra investigafiofi — dure developed by Gurvickt al? This approach predicts the
four isotopic species of $60, indicate that the overall sym- uncertainties in the thermodynamic functio®§(T) and
metry is notC,, but C,. This conclusion is of great impor- C(T) for simple molecules reasonably well. The total esti-
tance for the thermodynamic function calculation. In com-mated uncertainties in the thermodynamic functi®iT)
parison toC,, symmetry, theC, symmetry causes RIn2  and C,(T) in the range between 298.15 and 6000 K are
contribution to be added to the entropy and Gibbs energgiven in the discussions for each molecule.
function because of the two optically isomeric forms present Based on the selected values of the molecular constants,
in the latter case. In addition, it now became possible tahe ideal gas thermodynamic functions, heat capaZjT),
estimate the potential function for internal rotation with rea-entropy S°(T), enthalpy[H°(T)—H°(298.15K)|, and the
sonable accuracy via high-level theoretical calculations.  Gibbs energy functiod[G°(T)—H°(298.15K)])/T}, have

The thermodynamic properties of hydrogen peroxide weréeen calculated for selected temperatures up to 6000 K at the
calculated earlier using a fairly well defined structure withstandard pressung®=0.1 MPa. The enthalpy of formation
experimentally determined vibrational frequencies, includingvaluesA;H°(298.15K) were selected by analyzing experi-
a torsional frequency. Early tabulations of the thermody-mental studies which may result in an enthalpy of formation
namic properties of hydrogen peroxide were generated bgetermination. Accepted;H°(298.15K) value and the cal-
Giguere and co-worker$.A much improved statistical cal- culated ideal gas values of the enthalpy differefigé(T)
culation is possible today, using detailed rotational-—H°(298.15K)] and entropyS°(T) were combined with
vibrational constants, anharmonicity constants, and a sumvalues of the enthalpies and entropies of the elements in their
mation over the torsional energiggexperimentally based reference states to derive values of enthalpy of formation
below 1000 cm? and calculated for higher energies A¢H°, Gibbs energy of formation\;G°, and the logarithm

In the present study, the thermodynamic properties of gassf the equilibrium constant of formation Id(j of the sub-
eous nitric acid, sulfuric acid, and hydrogen peroxide werestances as a function of temperature over the range of
revised based on new data for the molecular constants @f-6000 K. Values used here ¢H°(T)—H°(298.15K)]
these molecules. The calculations were performed by starand S°(T) for the elements in their reference stateg dj,
dard statistical thermodynamics methods in which a rigid-O,(g), N»(g), Scr,liq,717 K<T), S;(g,T>717 K) are those
rotor harmonic-oscillator model was modified for internal given JANAF Thermochemical Tablegall elements except
rotation. The statistical formulas for thermodynamic func-for sulfur) and TRC Thermodynamic Tabfegsulfur).

J. Phys. Chem. Ref. Data, Vol. 32, No. 2, 2003
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2. Nitric Acid, HONO ,

Nitric acid (HNG;) Ideal gas M,=63.0128
A¢H°(0 K)=—124.6-0.5kImol !
$°(298.15K)=266.8£0.7JK *mol ! A¢H°(298.15 K= —134.3- 0.5 kI mol !
Molecular constants
Point group:Cq 5 Symmetry numbero=1
Ground electronic stateX A’ Energy:ex=0cm ! Quantum weightgy=1

Vibrational frequenciesy;, and degeneracieg;

1 1

Symmetry vi, cm~ g Symmetry Vi, cm~ g
A’ 121 3550.00 1 Vg 646.83 1
vy 1709.57 1 vy 580.30 1
V3 1325.74 1 A" vg 763.15 1
2 1303.52 1 2 s 1
Vs 879.11 1

3nstead of a torsional mode,=458.23 cm *, the contributions due to the internal rotation of OH group around the N—O bond were
calculated from the potential/(¢)=V,+ V; cos 2p, whereg is the torsional angley,=1134.4cm?, V,;=—1369.2cm .

OH top: Reduced moment of inertig,=0.1329< 10~ *%g cn?, Symmetry numberg,= 2

Geometry
r(O—H)=0.941+0.003 A /H-0-N=102.6+0.3°
r(N—OH)=1.410+ 0.002 A /£ 0-N-Q;s=115.7£0.2°
r(N—0).;s=1.213+0.002 A /. O-N—-Q,ans=114.1+0.2°

r (N=O);rans=1.198+0.002 A

Rotational constants in cr:
Ap=0.4339999 B,=0.4036089 C,=0.2088327

Product of moments of inertidjl gl c=599.665< 10 1" cmP

2.1. Enthalpy of Formation above are the, parameters derived by Caet al!® from a

: . . . microwave study of eight isotopomers. These parameters
The enthalpy of formation of nitric acid was determlneda ree with previous experimental d4t% and theoretical
from data on equilibria involving HNQ~8 The JANAF 29 b P

Thermochemical Tablesand the compilation of Gurvich palcglation§6‘18 The p”"?‘““ of the principal momgnts of
et al° provide an exhaustive analysis of these experimentdf‘ert'a was calculated using the ground state rotational con-
data, resulting in the values from-129.7 to —136.7 Stants determined from the microwave spectriiof HNO;.
kJmol ! for A{H°(HNO;,9,298.15K). The value adopted These constants agree well with the results of earlier micro-
here, —134.3-0.5 kJmol %, is the average of experimental wave studies/*9-23

values. This value is in good agreement with the results of Vibrational spectra of HN@have been analyzed at high
theoretical calculations based ah initio calculation and the resolution by infrared, diode-laser, and Fourier transform
isodesmic reaction procedute,~133.3 kImol™. In the  spectroscop$*~3° These investigations have led to precise

present study, a similar value 6f132.7 kJmol* was cal- |ine positions for normal modes of HNOwhich were
culated by the composite G3 method using @@ SsIAN 98 adopted in this work, namely:

system of program¥’

Bands Reference
Vq 24
Vo 25, 29
2.2. Heat Capacity and Entropy Zz and, gg 30, 31
The planar structure o€ symmetry was determined for Ve 27
nitric acid in its X YA’ ground electronic state from micro- vz andvg 27, 33, and
wave investigation$>~'® The structural parameters give Vg 34.

J. Phys. Chem. Ref. Data, Vol. 32, No. 2, 2003
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Experimental assignments of vibrational frequencies weré*m. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
confirmed by normal coordinate ana|y%§8 and ab initio J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E. Strat-
calculation§5'l7'39 mann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N.

. The vq v@brational mode of HN@ Corresponds to the tor- E“?;'Zmn“f. E(;:Msetr:?l:]caoc?g;a;né 13222' s\./'cﬁf?c;?;,ei gchfe?:li:

sional motion of the O—H bond relative to the N—O bond. G A petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D.

The internal rotational potential for nitric acid was deter- Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B.

mined from analysis of torsional region of gas phase infrared Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts,

spectrunﬁz"‘o The torsional potential, adopted in this work, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y Peng, A. Nan-

was obtained by Perriat al3? by accurate description of the g]aeknka;j’ v(\:/ \?vzﬂéalﬁzLMA,%TZl!a?méfazZe“ﬁ' \rC|I (Hsgg d'?éicr’ggrslo'é V;’

torsional splittings using Fourier transform spectra. The bar- gepiogie, and J. A. Poplesaussian o8 (Gaussian, Inc., Pittsburgh, PA,

rier to internal rotation, given by 2|V,|=2738+10cm 2, 1998, Revision A.11.

is somewhat higher than that determined from previous®A. P. Cox, M. C. Ellis, C. J. Attfield, and A. C. Ferris, J. Mol. Strug20,

analysié® (2432 cm*). Close estimates for the torsional bar- 91 (1994. _

rier were obtained from theoretical calculatidhs**The re- 153' ?‘ “C/Iciil’;s”;nj' JM'RR"\‘;E:?;] Jj Cgﬁg;] ngf' fé(ggg;w'

duced moment of inertia, used in this work, corresponds to @& 5 Lee, J. phys: cherﬁg, 1é4é(1995.' . .

rotational constant; F=21.064+0.080 cni *. 7P, N. Ghosh, C. E. Blom, and A. Bauder, J. Mol. Spectr@g,. 159
According to the experimental and theoretical d4t&the (1981).

excited electronic states of HNGie above 30000 cm'.  **M. P. McGrath, M. M. Francl, F. S. Rowland, and W. J. Hehre, J. Phys.

These excited electronic states were not taken into account ig~"em > :e?’ff:(lggg'e Lucia. and P. Helminger. J. Mol. Spectibed

the present calculation of thermodynamic functions. 417 '(1984)‘ T ’ ' ger, . Mok sp '
The uncertainties in the calculated thermodynamic funco\, c. Bowman, F. C. De Lucia, and P. Helminger, J. Mol. Spectr88c.

tions (see Table 1 are estimated to be 1, 2, 3, and 4 431(198)).

JK Ymol™? for C,(T) at 298.15, 1000, 3000, and 6000 K 21G. Cazzoli and F. C. De Lucia, J. Mol. Spectrog6, 131 (1979.

_ ° 22 H
and 0.7,2.5,3,and 5 JRmol ®for (T) at 208.15, 1000, ). Kavskcand . Verkatesnary Crom Fyz Lt s o
3000, and 6000 K, respectively. g ' . .

%G, E. McGraw, D. L. Bernitt, and I. C. Hisatsune, J. Chem. PAgs237
The calculated entropy value at 298.15 K66.8 (1965.

JK tmol™) is in close agreement with the value of ?°A. G. Maki and J. S. Wells, J. Mol. Spectro$2, 427 (1980.

S°(298.15K)=266.2 JK 1 mol™ ! obtained from calorimet- ZjA- G. Maki and J. S. Wells, J. Mol. Spectrosi0g 17 (1984.

ric data* The thermodynamic properties of nitric acid were , - G- Maki and W. B. Olson, J. Mol. Spectrost33 171 (1989.

calculated earlier(see Gurvich etal’® and references ‘v herfin. O- Lado-Bordowsky, and A. Valentin, Mol. Phys7. 249
e ; . : : ) (1989.

within). The dlscrepianuels with results of Gurviehal!®do 297 | Tan, E. C. Looi, and K. T. Lua, J. Mol. Spectrod5, 420 (1992.

not exceed 0.7 JK'mol™~ for S°(T) andC,(T). Because *T. L. Tan, E. C. Looi, and K. T. Lua, Spectrochim. Acta 48, 975

of differences in molecular constants used and consideration(1992.

. . . . 31 ; i - .
of internal rotation as a harmonic oscillation 1/9( A. Perrin, V. Jaouen, A. Valentin, J.-M. Flaud, and C. Camy-Peyret, J.
Mol. Spectrosc157, 112(1993.

_ —1 o o . .
=465¢cm 7), .S (T) and CD(T) values given in ‘]ANAF_ 32A. Perrin, J.-M. Flaud, C. Camy-Peyret, B. P. Winnewisser, S. Klee, A.
Thermochemical Tablésre different from those obtained in Goldman, F. J. Murcray, R. D. Blatherwick, F. S. Bonomo, D. G. Muir-

this work up to 2.0 and 3.8 J¥ mol ™, respectively. cray, and C. P. Rinsland, J. Mol. Spectros66, 224 (1994).
33E. C. Looi, T. L. Lan, W. F. Wang, and P. P. Ong, J. Mol. Spectra36,
222 (1996.
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TasLE 1. Ideal gas thermochemical properties of nitric acid HK) at standard state pressup8=0.1 MPa (T,=298.15 K)

T o s —[G°—H(T) T He—H°(T,) AH® AG®
(K) I K mol™ (K Imol™} I K tmol™) (kJ mol?) (kd molt) (kd molt) log K¢
0 0.000 0.000 o —11.866 —124.572 —124.572 o0
25 33.258 175.597 616.987 —11.035 —125.450 —122.671 256.304
50 33.261 198.650 402.716 —10.203 —126.490 —119.505 124.845
75 33.377 212.148 337.094 —-9.371 —127.555 —115.779 80.635
100 33.979 221.817 307.120 —8.530 —128.544 —111.703 58.347
150 37.385 236.144 281.197 —6.758 —130.356 —102.882 35.826
180 40.481 243.225 274.288 —5.591 —131.337 —97.293 28.233
190 41.605 245.444 272.712 —5.181 —131.644 —95.394 26.225
200 42.756 247.607 271.403 —4.759 —131.942 —93.478 24.414
210 43.924 249.722 270.320 —4.326 —132.229 —91.548 22.771
220 45.101 251.792 269.431 —-3.881 —132.505 —89.604 21.274
230 46.281 253.823 268.708 —3.424 —132.770 —87.648 19.905
240 47.459 255.818 268.130 —2.955 —133.025 —85.680 18.648
250 48.631 257.779 267.677 —2.475 —133.270 —83.703 17.488
260 49.793 259.709 267.333 —1.982 —133.504 —-81.715 16.417
270 50.942 261.610 267.086 —1.479 —133.727 —79.719 15.422
280 52.076 263.483 266.924 —0.964 —133.940 —77.715 14.498
290 53.194 265.330 266.837 —-0.437 —134.142 —75.703 13.635
298.15 54.092 266.816 266.816 0.000 —134.300 —74.059 12.975
300 54.294 267.152 266.818 0.100 —134.335 —73.685 12.830
350 59.507 275.919 267.498 2.947 —135.156 —63.509 9.478
400 64.210 284.178 269.072 6.042 —135.761 —53.230 6.951
450 68.405 291.988 271.188 9.360 —136.182 —42.886 4.978
500 72.122 299.391 273.641 12.875 —136.449 —32.504 3.396
600 78.280 313.109 279.095 20.408 —136.610 —11.694 1.018
700 83.033 325.549 284.857 28.484 —136.407 9.113 —0.680
800 86.706 336.886 290.663 36.979 —135.948 29.874 —1.951
900 89.567 347.271 296.384 45.798 —135.313 50.564 —2.935
1000 91.818 356.829 301.957 54.872 —134.554 71177 —-3.718
1100 93.608 365.667 307.352 64.147 —-133.711 91.710 —4.355
1200 95.049 373.876 312.558 73.582 —132.812 112.164 —4.882
1300 96.221 381.532 317.572 83.148 —131.879 132.542 —5.326
1400 97.184 388.699 322.400 92.819 —130.925 152.847 —5.703
1500 97.984 395.432 327.046 102.579 —129.967 173.082 —6.027
1600 98.654 401.778 331.521 112.412 —129.010 193.253 —6.309
1700 99.220 407.776 335.832 122.306 —128.063 213.364 —6.556
1800 99.701 413.462 339.988 132.253 —127.130 233.423 —6.774
1900 100.115 418.864 343.998 142.244 —126.220 253.429 —6.967
2000 100.471 424.008 347.871 152.274 —125.333 273.387 —7.140
2100 100.781 428.918 351.614 162.337 —124.474 293.302 —7.295
2200 101.052 433.612 355.236 172.429 —123.643 313.176 —7.436
2300 101.290 438.110 358.742 182.546 —122.845 333.012 —7.563
2400 101.499 442.425 362.139 192.686 —122.078 352.817 —7.679
2500 101.686 446.572 365.434 202.845 —121.344 372.587 —7.785
2600 101.852 450.564 368.632 213.022 —120.643 392.333 —7.882
2700 102.000 454.411 371.738 223.215 —119.976 412.048 —-7.971
2800 102.133 458.123 374.758 233.422 —119.343 431.742 —8.054
2900 102.253 461.709 377.694 243.641 —118.742 451.415 -8.131
3000 102.362 465.177 380.553 253.872 —118.175 471.064 —8.202
3100 102.460 468.535 383.337 264.113 —117.641 490.695 —8.268
3200 102.549 471.789 386.051 274.364 —117.139 510.309 —8.330
3300 102.631 474.946 388.697 284.623 —116.667 529.912 —8.388
3400 102.706 478.011 391.279 294.890 —116.227 549.497 —8.442
3500 102.774 480.990 393.800 305.164 —115.814 569.073 —8.493
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TasLE 1. Ideal gas thermochemical properties of nitric acid HK) at standard state pressup8=0.1 MPa (T, =298.15 K)—Continued

T o s° —[G—H(T) T He—H°(T,) AH® AG®
(K) (I K mol™ I K mol™) (K mol™ (kd mol™?) (kJ molt) (kd molt) log K¢
3600 102.837 483.886 396.262 315.444 —115.434 588.634 —8.541
3700 102.895 486.704 398.669 325.731 —115.080 608.188 —8.586
3800 102.948 489.449 401.022 336.023 —114.754 627.734 —8.629
3900 102.998 492.124 403.324 346.320 —114.456 647.270 —8.669
4000 103.044 494.732 405.576 356.622 —114.186 666.799 —-8.707
4100 103.086 497.277 407.782 366.929 ~113.941 686.316 ~8.744
4200 103.126 499.761 409.942 377.240 ~113.722 705.834 -8.778
4300 103.162 502.188 412.060 387.554 ~113.529 725.344 -8.811
4400 103.197 504.560 414.135 397.872 ~113.362 744.850 ~8.842
4500 103.229 506.880 416.170 408.193 ~113.220 764.352 ~8.872
4600 103.259 509.149 418.167 418.518 —113.104 783.853 —8.901
4700 103.287 511.370 420.127 428.845 —113.014 803.351 —8.928
4800 103.314 513.545 422.050 439.175 —112.949 822.842 —8.954
4900 103.339 515.675 423.939 449.508 —112.911 842.339 —8.979
5000 103.362 517.763 425.795 459.843 —112.900 861.837 —9.003
5100 103.384 519.811 427.618 470.180 —112.916 881.336 —9.027
5200 103.405 521.818 429.411 480.520 —112.958 900.827 —9.049
5300 103.424 523.788 431.173 490.861 —113.031 920.325 —-9.070
5400 103.443 525.721 432.906 501.204 —113.134 939.823 —9.091
5500 103.461 527.620 434.611 511.550 —113.264 959.320 -9.111
5600 103.477 529.484 436.288 521.896 —113.426 978.831 —-9.130
5700 103.493 531.316 437.939 532.245 —113.621 998.333 —9.149
5800 103.508 533.116 439.565 542.595 —113.850 1017.842 —-9.167
5900 103.522 534.885 441.166 552.946 —114.112 1037.356 —9.184
6000 103.535 536.625 442.742 563.299 —114.410 1056.871 —-9.201
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3. Sulfuric Acid, (HO),SO,

Sulfuric acid (HSOy) Ideal gas M,=98.0734
A¢H°(0 K)=—720.8-2.0kJmol !
$°(298.15K)=311.3t1.5JK *mol ! A¢H°(298.15 K= —732.7+2.0kI mol !
Molecular constants
Point group:C, 5 Symmetry nhumbero=2
Ground electronic stateX *A Energy:ex=0cm ! Quantum weightgy=1

Vibrational frequenciesy;, and degeneracieg;
1

Symmetry v, cm ! (of Symmetry Vi, cm- (of
A 121 3563 1 B 2 3567 1
Vo 1216 1 V10 1452 1
V3 1136 1 1271 1157 1
V4 831 1 127 882 1
Vs 548 1 128 558 1
Vg [420] 1 V14 [475] 1
vy [355] 1 V15 -8 1
vg .. 1

3nstead of the torsional modeg=240 cm * and ;=310 cm ?, the contributions due to the internal rotation of OH groups around S—O
bonds were calculated from the potentiaV(¢)=Vy+V; cose+V,cos 2p+V;cos 3p+V, cos 4p+V; sin ¢+V, sin 2p+V; sin 3p
+V, sin 4p, where ¢ is the torsional angleV,=534.8,V;=—153.3,V,=—342.0,V;=—-60.4,V,=23.1,V;=—-283.4,V,=—-1.8, V}
=106.3,V;,=9.0 (in cm%).

OH tops: Reduced moment of inertia=0.8097x 10 3°g cn?, Symmetry numberg,=1

Geometry
r(O—H)=0.970-0.010 A / 0=S=0=123.3+1.0°
r(S—0)=1.574+0.010 A /H-0-S=108.5:1.5°
r(S=0)=1.422+0.010A ¢(H-0-S-0=89.1+1.0°
£0-S-0G=101.3+1.0° 7(0-S-0/G=5—=0)=88.4+0.1°°

b7 is the dihedral angle between the=—=0 and O—S—lanes

Rotational constants in cr:
Ap=0.1721392 By=0.1676004 C,=0.1628133

Product of moments of inertidjl gl c=4669.95¢ 10 "¢ cmP

3.1. Enthalpy of Formation from compositeab initio calculation methods, G3, G3B3,
o . CBS-Q, and CBS-QB3. These methods were used in this
The equilibrium of the reaction $$0,(9)=H,0(9)  \ork. For comparison, these methods were also applied to
+50y(g) has been investigated by a number of autfiots. e SQ and SQ molecules whose enthalpies of formation
From the detailed analysis of these experimental data, thg.e known with uncertainties of 0.2 and 0.7 kJ morespec-
value of —732.7+2.0 kJmol * was recommended by Gur- tively. We also used an isodesmic bond separation scheme
vich et al® for A{H°(H,S0;,9,298.15K). This value is ac- hased on a combination of theoretical and experimental data.
cepted in this work. A value close to that;735.18.4  Thjs approach eliminates systematic errors in the quantum
kmol*, was recommended in the JANAF Thermochemicalchemical methods and improves the results. Calculations
Tables’ but its uncertainty was much greater. The availableyere done with th&AUSSIAN 98system of program$We do
experimental data do not permit the determination of a highot present the total energies, zero-point energies, and ther-
accuracyA{H° value. Because of this, it is of interest to mal corrections for the species in Table 2 because most of
estimate the enthalpy of formation of sulfuric acid from the-these values are available via Interfiéis can be seen from
oretical calculations. The results of calculations at differentTable 2, the CBS-QB3 theory leads to the best agreement
levels of theory are given in Table 2. From the atomizationbetween experimental and theoretidgH® values for SQ
reaction,A¢H° values at sufficient accuracy can be obtainedand SQ. However, the CBS-QB3 value for 80, is 6
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TasLE 2. Enthalpies of formation of }$0,, SO;, and SQ calculated at different levels of theory

SO, SO, H,SO,
Deviation Deviation Deviation
A{H°(298.15K) (Expt—Theory A(H°(298.15K) (Expt—Theory A;H°(298.15K) (Expt—Theory
Quantum chemical method (kd molY) (kd mol%) (kJ molY) (kd molY) (kd molY) (kd molY)
Enthalpies of formation from atomization reactions
G3 —280.8 —16.0 —374.2 —-21.7 —704.2 —28.6
G3B3 —286.2 —10.6 —377.3 —18.6 —702.4 —30.3
CBS-Q —295.1 -1.7 —391.7 —4.2 —715.2 —-17.5
CBS-QB3 —297.5 0.7 —395.2 -0.7 —726.7 —6.0
Enthalpy of formation of HSO, from bond separation reaction;,80,=SO;+ H,0O

B3LYP/6-311+G(3df,2p//B3LYP/6-31Gd,p) —707.2 -25.5
B3LYP/cc-pVTZ//B3LYP/6-31Gd,p) —711.8 —-20.9
MP2/cc-pVTZ/IMP2/6-31&,p) —713.0 —19.7
G3 —727.3 -54
G3B3 —721.8 —10.9
CBS-Q —716.8 -15.9
CBS-QB3 —725.7 -7.0

kJ mol ! higher than the experimental value. The increasedxperimental studies, however, gives a complete vibrational
deviation for HSO, can be due to both the accumulation of assignment for sulfuric acid and some uncertainty exists for a
calculational errors in the larger molecule and the uncertaintyumber of the vibrations. In this work, the values for vibra-
in the experimental value. Values of the enthalpy of forma-tional frequencies;—vs andvg—v,5 were taken from infra-
tion of H,SO, calculated from the bond separation reactionred matrix isolation study of §80,.2° Unobserved funda-
are also higher than the experimental value by at least fentals ¢g—vg,v14,715) Were estimated using the results of
kJmol™*. Thus, the results of theoretical calculations in ab initio calculations given in the Computational Chemistry
Table 2 suggest a value of aboti727 kJ mol* for enthalpy  Comparison and Benchmark DataBase which is available via
of formation of H,SG, . It should be noted that uncertainties the Internef. From calculations at different levels of theory,
in similarly calculated values for molecules of this size areye chose those theoretical vibrational assignments which
often in the range+4-8 kJmol* with the experimental were in best agreement with experiment. The accepted val-

value falling within the range of the uncertainty of the cal- yes of 1y, 114, andvys are the average values for such
culated value. From the above, the authors believe that thé:fssignments.

value of the enthalpy of formation adopted in this work is

There are no experimental data on internal rotation in
reasonable.

H,SO, molecule. The potential energy surface with respect
. to the pair of torsion angleg(H-O—-S—0Q was studied byb
3.2. Heat Capacity and Entropy initio calculations at the HF/STO-3G and HF/4-31G leVls.

Early infrared studies of the vapor phase over liquid "€ global minimum on this surface was tauche, gauche
HZSO4,1°‘12 electric deflection experimen’c%, and semi- Structure ofC, symmetry. The ro_tatlon of OH groups about
empirical CNDO/2 calculatiolf were consistent with a S—O bonds leads to conformations Gf(gauchegauchg,
structure ofC,, symmetry for sulfuric acid. Later Kucz- Ci(gauchetrans),  Ci(gauchecis),  Cy,(transtrans),
kowski et al® investigated the microwave spectrum of four Cs(transcis), and Cy, (ciscis) symmetry. Aéccordmg to the
isotopic species of k80, and determined a detailed struc- fesults — of —ab initio cglculanonsl, only the
ture whose overall symmetry is n6t, , butC,. The struc-  Cs(gauchegauche structure with an energy of about 500
ture withC, symmetry has thgauche, gaucheonformation cm 1 is the shallow minimum, whereas the other structures

of the OH groups with dihedral angles(H;—0,—S—Q)  are maxima or saddle point€{ symmetry structures with
= ¢(H,—0,—S—Q)=89.1°. TheC, symmetry for the equi- energies from 1000 to 8500 c¢rh Since HF calculations

librium geometry of HSO, was supported byab initio ~ With small basis sets such as STO-3G and 4-31G fail to
calculationd®~*° and this symmetry was adopted in this produce reasonable transition state energies, we calculated
work. The product of the principal moments of inertia wasthe energies of conformations of sulfuric acid at the B3LYP/
calculated using the rotational constants determined from micc-pVTZ density functional theory level using toaussiAN
crowave study® Structural parameters of sulfuric acid given 98 program packag%.Our calculations predict only one
above are the experimental valu@s. stableC,(gauchegauche conformation for HSO,. The op-
Vibrational spectra of K50, were studied in the gas timized geometry ofC, conformer was utilized to perform a
phase’®2iquid,’®?-22and solid staté®?* Experimental relaxed potential surface scan. In this potential surface scan
assignments have been confirmed by normal coordinatéhe torsional dihedral angle(H-O—-S—0Q was varied in 10°
analysig® and theoretical calculatior$.None of the above increments from 0° to 360° while all other structural param-
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Fic. 1. Potential function governing internal rotation of sulfuric acid as
determined at the B3LYP/cc-pVTZ level of theory.

eters were optimized. The resulting potential function is
given in Fig. 1. Two maxima on this curve at90° and 270°
correspond taC,(gauchetrans) and C,(gauchecis) confor-
mations. The potential energy of sulfuric aci{¢) as a
function of torsional angle was approximated by a Fourier
series of the form

4 4

V(@)=Vo+ 2, V,cosne+ >, V,sinng.  (3)
n=1 n=1

DOROFEEVA ET AL.

reviews’’ are 6-8 JK'mol™* for Cy(T) and 12
JK tmol ™! for $°(298.15K).
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TasLE 3. Ideal gas thermochemical properties of sulfuric ack$6,(g) at standard state pressupé=0.1 MPa (T,=298.15 K)

T c; s —[G—H(T)UT He—H°(T,) AH° A/G®
(K) (JK tmol™) JKmol™ I K mol™ (kd mol™?) (kJ mol™?) (kJ mol™%) log K¢
0 0.000 0.000 o0 —18.391 —720.845 —720.845 o0
25 33.263 183.884 886.266 —17.560 —722.023 —718.548 1501.286
50 34.373 207.119 541.522 —-16.720 —723.612 —714.493 746.407
75 39.496 221.877 432.622 —15.806 —725.264 —709.569 494.176
100 48.028 234.356 381.520 —-14.716 —726.668 —704.118 367.784
150 65.558 257.290 336.346 ~11.858 —728.805 ~692.347 241.091
180 73.184 269.952 324.237 -9.771 ~729.794 —684.960 198.765
190 75.253 273.965 321.487 ~9.029 ~730.091 —682.463 187.617
200 77.132 277.874 319.208 ~8.267 ~730.377 ~679.948 177.580
210 78.851 281.679 317.331 —7.487 —730.650 —-677.419 168.495
220 80.437 285.384 315.795 —6.690 —730.915 —674.879 160.233
230 81.913 288.993 314.552 —-5.879 —731.170 —672.326 152.686
240 83.299 292.509 313.560 —5.052 —731.416 —669.763 145.766
250 84.611 295.936 312.787 —-4.213 —731.654 —667.188 139.398
260 85.862 299.279 312.204 ~3.360 ~731.885 —664.605 133517
270 87.063 302.542 311.786 ~2.496 ~732.108 ~662.013 128.071
280 88.221 305.729 311.512 ~1.619 ~732.324 ~659.414 123.012
290 89.344 308.845 311.367 ~0.731 ~732534 —656.804 118.300
298.15 90.235 311.333 311.332 0.000 —732.700 —654.676 114.694
300 90.435 311.892 311.334 0.167 —732.737 —654.190 113.902
350 95.509 326.221 312.454 4.818 —733.654 —641.028 95.666
400 100.041 339.276 315.003 9.709 —736.647 —627.648 81.960
450 104.065 351.297 318.377 14.814 —737.959 —613.957 71.264
500 107.606 362.448 322.233 20.108 —739.212 —600.107 62.691
600 113.427 382.605 330.652 31.172 —740.975 —572.109 49.805
700 117.952 400.444 339.372 42.750 —742.195 —543.861 40.582
800 121.583 416.439 348.023 54.733 —797.467 —520.481 33.983
900 124.596 430.938 356.442 67.046 —796.779 —485.898 28.200
1000 127.160 444.202 364.565 79.637 —795.972 —451.399 23.578
1100 129.382 456.428 372.367 92.467 —795.070 —416.984 19.800
1200 131.326 467.771 379.851 105.504 —794.096 —382.654 16.656
1300 133.037 478.352 387.026 118.724 —793.066 —348.409 13.999
1400 134.549 488.267 393.906 132.105 —791.993 —314.242 11.724
1500 135.888 497.597 400.512 145.628 —790.895 —280.157 9.756
1600 137.077 506.406 406.857 159.278 —789.778 —246.146 8.036
1700 138.134 514.748 412.960 173.039 —788.658 —212.205 6.520
1800 139.077 522.671 418.837 186.901 —787.537 —178.325 5.175
1900 139.918 530.213 424.502 200.851 —786.428 —144.511 3.973
2000 140.671 537.410 429.969 214.882 —785.332 —110.752 2.892
2100 141.347 544.290 435.251 228.983 —784.262 —77.051 1.916
2200 141.954 550.880 440.358 243.149 —783.213 —43.401 1.030
2300 142.502 557.202 445.301 257.372 —782.195 —9.795 0.222
2400 142.996 563.277 450.091 271.647 —781.208 23.767 —-0.517
2500 143.444 569.124 454.736 285.970 —780.254 57.283 —-1.197
2600 143.850 574.758 459.244 300.335 —779.335 90.773 —-1.824
2700 144.220 580.194 463.624 314.738 —778.452 124.217 —2.403
2800 144.557 585.445 467.882 329.178 —777.604 157.638 —2.941
2900 144.865 590.523 472.024 343.649 —776.795 191.028 —3.441
3000 145.146 595.439 476.056 358.150 —776.024 224.383 —3.907
3100 145.405 600.203 479.985 372.677 —775.292 257.715 —4.342
3200 145.643 604.823 483.814 387.230 —774.597 291.025 —4.750
3300 145.862 609.308 487.549 401.805 —773.940 324.320 —-5.133
3400 146.064 613.666 491.194 416.402 —773.319 357.589 —5.494
3500 146.251 617.902 494.755 431.018 —772.734 390.848 —5.833
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TasLE 3. Ideal gas thermochemical properties of sulfuric ack$8,(g) at standard state pressup8,=0.1 MPa (T, =298.15 K)—Continued

T o s° —[G—H(T) T He—H°(T,) AH° A/G®
(K) (JK tmol™) (I K mol™ (I K mol™ (kd molt) (kd mol™?) (kd mol™?) log K¢
3600 146.424 622.025 498.233 445,651 —772.191 424.074 —6.153
3700 146.584 626.039 501.633 460.302 —771.680 457.304 —6.456
3800 146.733 629.950 504.959 474.968 —771.208 490.517 —6.742
3900 146.872 633.763 508.213 489.648 —=770.772 523.720 —-7.014
4000 147.002 637.483 511.398 504.342 ~770.374 556.906 ~7.272
4100 147.122 641.115 514.518 519.048 —770.014 590.075 —-7.517
4200 147.235 644.661 517.574 533.766 —769.687 623.247 —7.751
4300 147.341 648.127 520.570 548.495 —769.400 656.407 —-7.974
4400 147.440 651.516 523.508 563.234 —769.148 689.558 —8.186
4500 147.533 654.830 526.390 577.983 —768.936 722.710 —8.389
4600 147.620 658.074 529.217 592.740 —768.763 755.857 —8.583
4700 147.702 661.249 531.993 607.507 —768.628 789.004 —8.769
4800 147.779 664.360 534.719 622.281 —768.531 822.131 —8.946
4900 147.852 667.408 537.395 637.062 —768.478 855.269 —-9.117
5000 147.921 670.395 540.025 651.851 —768.463 888.417 —9.281
5100 147.986 673.325 542.610 666.646 —768.492 921.561 —9.438
5200 148.048 676.199 545.152 681.448 —768.560 954.694 —9.590
5300 148.106 679.020 547.651 696.256 —768.677 987.822 —-9.735
5400 148.161 681.789 550.110 711.069 —768.838 1020.976 —9.876
5500 148.213 684.508 552.529 725.888 —769.044 1054.118 —-10.011
5600 148.263 687.179 554.909 740.712 —769.297 1087.282 —10.141
5700 148.310 689.804 557.253 755.540 —769.601 1120.428 —10.267
5800 148.355 692.383 559.561 770.374 —769.953 1153.594 —10.389
5900 148.397 694.920 561.833 785.211 —770.358 1186.755 —10.506
6000 148.438 697.414 564.072 800.053 —-770.814 1219.926 —10.620
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4. Hydrogen Peroxide, H ,0,

Hydrogen peroxide (kD,) Ideal gas M,=34.0146
AfH°(0K)=—129.9-0.2kImol !
$°(298.15K)=234.5-0.1 JK 1 mol™? A¢H°(298.15K)= —135.9- 0.2 kI mol !
Molecular constants
Point group:C, 5 Symmetry nhumbero=2
Ground electronic stateX *A Energy:ex=0cm ! Quantum weightgy=1

Vibrational frequenciesy;, and degeneracieg;

1 1

Symmetry Vi, cm- of Symmetry Vi, cm- of
A 121 3598.7 1 V4 B 1

2 1387.5 1 B Vs 3610.7 1

V3 875 1 Vg 1266 1

4nstead of a torsional mode,, the contributions due to the internal rotation of OH group around the O-O bond were calculated using the
following experimental and calculatéebove 1000 cm?) torsional energiesHj,,), multiplicities (g;), and the products of moments of inertia
(Il 51X 1017, g8 cmP):

Etor gi Ialgle Etor gi Ialslc Etor [e]] Ialgle Etor gi Ialslc
0.000 1 2.9760 3257.3 1 3.14 19713 2 3.26 54554 2 3.28
11.437 1 2.9749 3259.3 1 3.14 21484 2 3.26 57 507 2 3.28
254,550 1 3.0069 3903.8 2 3.16 23334 2 3.26 60538 2 3.28
370.893 1 3.0089 4636.8 2 3.17 25263 2 3.26 63 649 2 3.28
569.743 1 3.0264 5453.2 2 3.18 27 270 2 3.27 66 838 2 3.29
776.115 1 3.0410 6351.2 2 3.20 29 356 2 3.27 70 106 2 3.29
1000.882 1 3.0589 7329.9 2 3.21 31522 2 3.27 73 453 2 3.29
1235.2 1 3.0706 8388.6 2 3.21 33766 2 3.27 76 878 2 3.29
1474.7 1 3.0830 9526.9 2 3.22 36 088 2 3.27 80383 2 3.29
1718.0 1 3.0942 10745 2 3.23 38490 2 3.28 83966 2 3.29
1947.2 1 3.1037 12 042 2 3.24 40970 2 3.28 87628 2 3.29
2201.0 1 3.1133 13418 2 3.24 43529 2 3.28 91 368 2 3.29
2341.7 1 3.1182 14 873 2 3.25 46 167 2 3.28 95188 2 3.29
2697.7 1 3.1296 16 408 2 3.25 48 884 2 3.28 99 086 2 3.29
2724.7 1 3.1304 18021 2 3.25 51679 2 3.28 100 669 2 3.29

The potential of the form
V(¢)=Vy+V,cose+V,cos 2+ V3 cos 3p+V,cos dp,
where ¢ is the H-O-O-H torsional angle, Vo=645.1, V,=1036.97, V,=657.53, V3=50.89, V,
=2.524 (incm %), was used for calculating the energy levels above 1000'cm
OH top: Reduced moment of inertig,=0.071 09% 10~ *°g cn?, Symmetry numberg,=1
Geometry

r(O—H)=0.965+0.005 A /H-0-0=99.04°1.20°

r(O—0)=1.464+0.003 A ¢(H-0-0-H=120.3%0.7°
Rotational constants in cm:

Ap,=10.069428 B;=0.874351 C,=0.837202
Product of moments of inertidyl gl c=2.976 026< 10~ 17 g cm®
Centrifugal distortion constants in ¢rh
A;=3517x10°° A,;k=3.729<10°> A(=3.981x10*

Anharmonicity constants in cnt:

X11: 909 X15: 1676 X23: 7 X33: 10 X55: 902
X12: 11 X16: 3 X25: 11.5 X35: 11.1 X56: 3
X13: 11 X22: 10 X26: 4 X36: 2 X66: 3
Rotational—vibrational constants in ¢t
ah=0.234 at=0.234 a5=0.004 af=0.003 a$=0.013
ah=-0.104 af=-0.174 a5=0.007 a$=-0.001 a$=—0.001
ah=-0.034 a®=0.003 ag=0.003 a5=0.004 a§=0.007
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4.1. Enthalpy of Formation 26: 26: 26:
E, k= ViV~ Xjvi(vi—1)— XijkUiv
The enthalpy of formation is based on the selected value " i=ffa " s " (s i<frea KUK

of the enthalpy of formation of liquid hydrogen peroxide
A H® (H,0, , liq, 298.15 K)= — 187.78+ 0.08 kJ mof %, T Biolva) + /2B, +C,)II+1)

which was obtained by Gigueet al,™?and on the value of +(A,—1/2B,+C,))K2—A;J%(J+1)2

A, H°(H,0,,1iq,298.15K)=51.9+0.2kImol'L. The latter ) .

is the weighted mean value, calculated by Third Law ~AnII+ 1K= AKY, ®)
method from the results of vapor pressure determinations of

H,0,(lig), obtained in several studiés® The uncertainty of Where

this value involves the inaccuracy of the thermodynamic

functions used in the calculatiGriThe adopted value of the A B
enthalpy of formation is in good agreement with the results Av=Ao—i:§¢4 ai Ui, Bv:BO_i:;;&4 & Vi,

of mass-spectrometric investigatién® and theoretical ' '
calculations

6 6

6
_ C
C,=Co— 2> afvi,
i=1lji+#4

andv denotes a set of vibrational quantum numbers of nor-
4.2. Heat Capacity and Entropy mal modew 1, vs, v3, U4, Us, Ug.
Thermodynamic functions of #D, were calculated taking
thto account the anharmonicity of the vibrations and the
vibrational—rotational  interaction>* the centrifugal

distortion®®3¢ and the low-temperature correctidh.The

The molecular structure of hydrogen peroxide has bee
studied by infraretf=** and microwav& 1’ spectroscopy
and quantum mechanical calculatidfis?®® In the ground

. W 1 .
electronic stateX “A, the molecule has gaucheconfigura-  .ontibytion of internal rotation was calculated by direct

tion with C, symmetry”™ In this work, the product of the g\ mmation over energy levels taking into account interaction
principal moments of inertia of hydrogen peroxide was cal-,otveen the internal rotation and overall rotation
culated using the rotational constants determined from the

microwave spectrum study.These rotational constants are

I
in good agreement with those obtained from infrared spectra. Qintrot=> %gi exp(—hcE /kT)
The structural parameters given above arerthparameters, T Qrr
recommended by Khachkuruzov and Przheval%kiThese T
parameters agree well with the corresponding parameters de- - E ( ABC g exp— th kT). (6)
termined from the experimental studi€s’” and theoretical i Ialglc/™ o

calculations®=2° Centrifugal distortion constants were also
accepted from microwave data. The coefficients of these equations are given above.

The values of the vibrational and vibrational-rotational ~ According to the theoretical calculatidfithe excited elec-
constants are based on a critical anaRfsi8of the results of  tronic states of HO, lie above 35000 cmt. They are not
investigations of the vibrational and the rotational—taken into account in the present calculation of the thermo-
vibrational spectra of kD, vapor obtained in several dynamic functions.
studiest?>?>~31 The torsional energy levels and products of Uncertainties in the calculated thermodynamic functions
moments of inertia for the levels have been adopted from thare estimated to be 0.3, 1.0, 2.0, and 3.0 3ol * for
far infrared spectrum study.Above 1000 cm? the levels C,(T) at 298.15, 1000, 3000, and 6000 K and 0.1, 1.0, 2.0,
were calculate®f using the potential function of the fodh  and 4.0 J K* mol™* for S°(T) at 298.15, 1000, 3000, and
6000 K, respectively.

The calculated thermodynamic functions of hydrogen per-
oxide (see Table #are in agreement with results of the best
previous calculation$3® The differences with calculated
Cy(T) and $°(T) values® do not exceed 1.7 and 1.2
and the inertial rotational constaRt=39.37544cm?*. The JK mol !, respectively. The value 0fS°(298.15K)
values oftrans barrier height,,,,=387.07-0.2cmi !, the  =234.54JKmol ! does not agree with the calorimetric
cis barrier heightV,;s=2562.8-60cm !, and the HOOH valug’®*! of 232.88-0.50 J K'* mol™! within the limits of
dihedral anglep,=111.9°+0.4° correspond to this potential the experimental accuracy. According to Gigu&the most
function. The products of moments of inertia were extrapodikely source of the discrepancy is the use in the calculations
lated by empirical formula. of an underestimated value for the enthalpy of vaporization

From the analysis of spectroscopic data, the vibrational-ef H,O,(liq) at 298.15 K, obviously due to catalytic decom-
rotational levels for the ground electronic state gfd4 can  position of the hydrogen peroxide during the calorimetric
be presented by the following equation: measurements.

V(¢)=Vy+V,cose+V,cos 2p+ V3 cos 3p+V, cos dp
4
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TaBLE 4. Ideal gas thermochemical properties of hydrogen peroxid®, () at standard state pressupg=0.1 MPa (T, =298.15 K)

T o s —[G—H(T) T He—H°(T,) AH® AG®
(K) (I K mol™) JKmol™ (I K mol™) (kJ mol?) (kJ molt) (kJ molt) log K¢
0 0.000 0.000 o0 —11.162 —129.891 —129.891 o0
25 34.073 145.429 556.919 —-10.287 —130.272 —129.204 269.953
50 33.664 168.829 357.706 —9.444 —130.987 —127.890 133.604
75 34.361 182.586 297.187 —8.595 —131.752 —126.169 87.871
100 35.452 192.618 269.844 —-7.723 —132.355 —124.214 64.882
150 37.406 207.382 246.707 —-5.899 —133.334 —119.924 41.761
180 38.366 214.288 240.743 —4.762 —133.873 —117.192 34.008
190 38.676 216.370 239.406 —4.377 —134.050 —116.260 31.962
200 38.987 218.362 238.304 —3.988 —134.226 —115.319 30.118
210 39.302 220.272 237.400 —-3.597 —134.402 —114.369 28.447
220 39.623 222.107 236.664 —-3.202 —134.576 —113.411 26.927
230 39.951 223.876 236.070 —2.804 —134.749 —112.446 25.537
240 40.288 225.583 235.597 —2.403 —134.921 —111.472 24.261
250 40.634 227.235 235.230 —1.999 —135.091 —110.492 23.086
260 40.989 228.836 234.953 —-1.591 —135.259 —109.504 21.999
270 41.352 230.389 234.756 —-1.179 —135.425 —108.511 20.992
280 41.724 231.900 234.627 —0.764 —135.589 —107.511 20.056
290 42.102 233.371 234.558 —0.344 —135.750 —106.505 19.183
298.15 42.416 234.542 234.542 0.000 —135.880 —105.681 18.515
300 42.487 234.804 234.543 0.078 —135.909 —105.494 18.368
350 44.475 241.502 235.067 2.252 —136.661 —100.364 14.978
400 46.482 247.572 236.257 4.526 —137.339 —95.132 12.423
450 48.416 253.160 237.828 6.899 —137.944 —89.819 10.426
500 50.229 258.356 239.624 9.366 —138.481 —84.442 8.822
600 53.441 267.806 243.549 14.554 —139.381 —73.548 6.403
700 56.166 276.254 247.629 20.038 —140.090 —62.518 4.665
800 58.523 283.911 251.693 25.775 —140.642 —51.396 3.356
900 60.608 290.927 255.668 31.733 —141.064 —40.214 2.334
1000 62.481 297.411 259.522 37.890 —141.374 —28.991 1.514
1100 64.175 303.447 263.244 44.224 —141.587 —-17.742 0.842
1200 65.713 309.098 266.832 50.719 —141.719 —6.477 0.282
1300 67.109 314.414 270.290 57.361 —141.781 4.797 —0.193
1400 68.377 319.435 273.623 64.137 —141.782 16.074 —0.600
1500 69.529 324.192 276.837 71.033 —141.736 27.347 —0.952
1600 70.576 328.713 279.939 78.039 —141.648 38.616 -1.261
1700 71.528 333.021 282.936 85.145 —141.528 49.877 —1.533
1800 72.395 337.134 285.833 92.342 —141.380 61.134 —-1.774
1900 73.187 341.070 288.638 99.622 —141.212 72.380 —1.990
2000 73.911 344.843 291.354 106.977 —141.029 83.618 —2.184
2100 74.576 348.465 293.988 114.402 —140.836 94.845 —2.359
2200 75.187 351.949 296.544 121.890 —140.635 106.063 —2.518
2300 75.752 355.303 299.026 129.438 —140.429 117.271 —2.663
2400 76.274 358.539 301.439 137.039 —140.222 128.471 —2.796
2500 76.759 361.662 303.786 144.691 —140.015 139.662 —2.918
2600 77.211 364.682 306.070 152.390 —139.810 150.847 —-3.031
2700 77.633 367.604 308.295 160.133 —139.609 162.020 —-3.134
2800 78.029 370.434 310.464 167.916 —139.412 173.190 -3.231
2900 78.400 373.179 312.580 175.737 —139.222 184.352 —-3.320
3000 78.751 375.843 314.644 183.595 —139.038 195.505 —3.404
3100 79.083 378.430 316.660 191.487 —138.862 206.653 —3.482
3200 79.397 380.946 318.630 199.411 —138.694 217.795 —3.555
3300 79.696 383.394 320.556 207.366 —138.534 228.934 —-3.624
3400 79.981 385.777 322.439 215.350 —138.382 240.067 —3.688
3500 80.254 388.100 324.282 223.362 —138.238 251.197 —3.749
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TaBLE 4. Ideal gas thermochemical properties of hydrogen peroxid®, () at standard state pressup8=0.1 MPa (T, =298.15 K)—Continued

T o s° —[G—H(T) T He—H°(T,) AH® AG®
(K) (I K tmol™) (I K mol™) (K mol™} (kd mol™?) (kJ mol?) (kJ molt) log K¢
3600 80.515 390.364 326.087 231.400 —138.105 262.318 —3.806
3700 80.765 392.574 327.854 239.464 —137.979 273.444 —3.860
3800 81.006 394.731 329.585 247.553 —137.863 284.560 —-3.912
3900 81.239 396.838 331.283 255.665 —137.756 295.678 —3.960
4000 81.464 398.898 332.948 263.800 —137.659 306.790 —4.006
4100 81.681 400.912 334.581 271.958 ~137.571 317.898 ~4.050
4200 81.892 402.883 336.184 280.136  —137.493 329.006 ~4.092
4300 82.097 404.812 337.757 288.336 ~137.424 340.112 ~4.131
4400 82.296 406.702 339.303 296.556 ~137.365 351.215 ~4.169
4500 82.491 408.553 340.821 304.795 ~137.317 362.320 ~4.206
4600 82.680 410.369 342.314 313.054 —137.279 373.424 —4.240
4700 82.866 412.149 343.781 321.331 —137.252 384.524 —4.273
4800 83.047 413.895 345.223 329.627 —137.234 395.622 —4.305
4900 83.224 415.609 346.642 337.940 —137.229 406.723 —4.336
5000 83.399 417.293 348.038 346.271 —137.234 417.828 —4.365
5100 83.570 418.946 349.413 354.620 —137.250 428.932 —4.393
5200 83.738 420.570 350.765 362.985 —137.277 440.031 —4.420
5300 83.903 422.167 352.098 371.367 —137.317 451.133 —4.446
5400 84.066 423.737 353.410 379.766 —137.369 462.237 —4.471
5500 84.227 425.281 354.702 388.180 —137.432 473.340 —4.495
5600 84.385 426.800 355.976 396.611 —137.508 484.452 —-4.519
5700 84.541 428.295 357.232 405.057 —137.597 495.555 —4.541
5800 84.695 429.766 358.470 413.519 —137.699 506.661 —4.563
5900 84.848 431.216 359.691 421.996 —137.814 517.774 —4.584
6000 84.999 432.643 360.895 430.489 —137.942 528.881 —4.604

5. Conclusions

tute of Standards and Technology. This work is a continua-

tion of an evaluation published earlier—Olga Dorofeeva,
The spectroscopic and thermodynamic properties of thre¥ladimir P. Novikov, and David B. Neumann, “NIST-
ideal gas species—nitric acid, sulfuric acid, and hydrogeWANAF Thermochemical Tables. I. Ten organic molecules
peroxide—have been reviewed. The user of this data needglated to atmospheric chemistry,” J. Phys., Chem. Ref. Data
to assess whether the error bounds on the recommended va&(2) 475 (2001.

ues for the entropy and the enthalpy of formation are suffi-
cient for the specific intended end use. Although the thermo-
dynamic functions are greatly improved over the previous
evaluations, the formation data have not changed. This is due

7. Extended Bibliographies

to the fact that there are no recent experimental measure- The following bibliography lists articles that were found

ments, which directly pertain to the determination of the for-in the literature pertaining to the molecules discussed above
mation properties. For nitric acid, the latest experimentaPput were not used as sources of information in the
measurement was in 1962; for sulfuric acid, 1966; and fo€valuations.

hydrogen peroxide, 1957although there are supporting

mass spectrometric results dating to 1962 and a theoreticaly 1. Extended Bibliography for Nitric Acid, HNO

calculation dated 1995
The next step in the evaluation of the thermodynamics2coH/ING
properties of these species would be to confirm the properties
of the condensed phases and the consistency of that data with
the presently reported ideal gas data.

55PAL/KIL
6. Acknowledgments

The authors wish to acknowledge the support of this worlk®6COH/ING
by both the Upper Atmosphere Research Program of the Na-
tional Aeronautics and Space AdministratiONASA) and  ggpaL/cas
the Standard Reference Data Program of the National Insti-

3

Cohn, H., Ingold, C. K., Poole, H. G., “Infrared spectrum
of nitric acid and deuteronitric acid vapor. Completion of
identification of the fundamental frequencies. Entropy of
nitric acid. Barrier resisting rotation of the hydroxyl
group,” J. Chem. Soc. 4272—-4282952).

Palm, A., Kilpatric, M., “Barrier height and thermody-
namic functions of gaseous HN@nd DNG,,” J. Chem.
Phys.23, 1562-15631955.

Cohn, H., Ingold, C. K., Poole, H. G., “Rotation-resisting
energy barrier in the nitric acid molecule,” J. Chem. Phys.
24, 162(1956.

Palm, A., Castelli, A., Alexander, C., “Potential constants of
nitric acid,” Spectrochim. Acta 24, 1658—-1661(1968.

J. Phys. Chem. Ref. Data, Vol. 32, No. 2, 2003



896

71HAR/BUR

73HAR
TAFLE

75GUI/BER

78CHE/GIR

78DAN

79BAI/BRO

80MAK/WEL

82SLA

84MUR/MUR

87MAY/WEB

88BOO/CRO

88BOO/CRO2

88CRO/BOO

88GOL/BUR

88MAK

89MAY/WEB

90GOY/DEL

90WAZ/KEL

DOROFEEVA ET AL.

Harries, J. E., Burroughs, W. J., Duxbury, G., “Pure rotation92GOL/RIN
spectrum of nitric acid vapor,” Natur@_.ondon), Phys. Sci.

232 171-173(1971).

Harris, L. E., “Lower electronic states of nitric acid and

esters,” NaturglLondon), Phys. Sci243 103-104(1973.  92MAK/WEL
Fleming, J. W., “The far infrared rotational spectrum of
nitric acid vapor,” Chem.Phys. LetR5, 553-557(1974).

. . . 92MEL/HER
Guillory, W. A., Bernstein, M. L., “Infrared spectrum of
matrix-isolated nitric acid,” J. Chem. Phy82, 1058—-1060
(1975. 93COL/GRE

Chevillard, J. P., Giraudet, R., “Vibration-rotation spectra
of nitric acid, bands/s and 2v4,” J. Phys.(Parig 39, 517—
520 (1978.

Dana, V., “Analysis of the rotational structure of thg
band of nitric acid between 891 and 898 ¢
Spectrochim. Acta /A4, 1027-1031(1978.

Bair, C. H., Brockman, P., “High resolution spectral
measurement of the nitric acid 58n band using a tunable 94GOY/PAU
diode laser,” Appl. Opt18, 4152—41621979.

Maki, A. G., Wells, J. S., “High-resolution measurement
and analysis of infrared spectrum of nitric acid near 1700
cm 1" J. Mol. Spectrosc82, 427—-434(1980). 94JAC

Slanina, Z., “Multimolecular clusters and their isomerism.
XlIl. Reduced moment of inertia for internal rotation and
quantum-chemical  description of thermodynamics
ofisomeric molecular complexes: study of hydrogen
fluoride—chlorine fluoride systems,” Collect. Czech. Chem.
Commun.47, 3206—32201982.

Murcray, D. G., Murcray, F. J., Coldman, A., Bonomo, F. S.,
Batherwick, R. D., “High resolution IR laboratory spectra,”

Appl. Opt. 23, 3502(1984.

May, R. D., Webster, C. R., “Tunable diode laser 96TAN/WAN
measurements of line strengths and line positions in the

HNO, v, band near 1335 cnt,” J. Quant. Spectrosc.

93PER/FLA

96GRE/COL

96PAU/COU

Radiat. TransfeB8, 5—-8(1987. 96WAN/ONG
Booker, R. A., Crownover, R. L., De Licia, F. C,,
Helminger, P., “Millimeter- and submillimeter-wave
spectra of the ONObending mode ¥,) in nitric acid,” J.
Mol. Spectrosc128 62—-67(1989. 99LUC/PET
Booker, R. A., Crownover, R. L., De Licia, F. C.,
Helminger, P., “Millimeter- and submillimeter-wave
99PER/FLA

spectra of the nitrogen-oxygen stretching modg) (in
nitric acid,” J. Mol. Spectrosc128 306—308(1988.
Crownover, R. L., Booker, R. A, De Licia, F. C,
Helminger, P., “The rotational spectrum of nitric acid: the
first five vibrational states,” J. Quant. Spectrosc. Radiat.
Transfer40, 39-46(1988.

Goldman, A., Burkholder, J. B., Howard, C. J., Escribano,
R., Maki, A. G.,“Spectroscopic constants for thginfrared
band of nitric acid,” J. Mol. Spectroscl31, 195-200

(1988. 23THO/RAM
Maki, A. G., “High-resolution measurements of band of
nitric acid and thev; band of trans-nitrous acid,” J. Mol. 46ABE

Spectrosc127, 104-111(1988.

May, R. D., Webster, C. R., “Measurements of line 4grpE
positions, intensities, and collisional air-broadening
coefficients in the nitric acid 7.5um band using
acomputer-controlled tunable diode laser spectrometer,” Jgq, ;¢
Mol. Spectrosc138 383-397(1989.

Goyette, T. M., De Licia, F. C., “The millimeter and
submillimeter wave spectrum of theg+ v state of nitric
acid,” J. Mol. Spectrosc139, 241-243(1990.

Van Wazer, J. R., Kello, V., Hess, Jr.,, B. A., Ewig, C. S.,
“Accuracy in ab initio reaction-energy computations. 1.
Compounds of first-row elements,” J. Phys. Che#d,
5694-57101990.

61WAL/DOD

J. Phys. Chem. Ref. Data, Vol. 32, No. 2, 2003

Goldman, A., Rinsland, C. P., “Nitric acid line parameters:
new results and comparisions of simulations with
high-resolution laboratory and atmospheric spectra,” J.
Quant. Spectrosc. Radiat. Transfi; 653—666(1992.

Maki, A. G., Wells, J. S., “Measurements and analysis of
the Fermi resonance betweeg and 2vq of nitric acid,” J.

Mol. Spectrosc152 69-79(1992.

Melen, F., Herman, M., “Vibrational bands of nitrogen
oxide (acid (HN,O,) molecules,” J. Phys. Chem. Ref.
Data21, 831-881(1992.

Colussi, A. J., Grela, M. A,, “Kinetics and thermochemistry
of chlorine- and nitrogen-containing oxides and peroxides,”
J. Phys. Chenm97, 3775-37791993.

Perrin, A., Flaud, J.-M., Camy-Peyret, C., Jaouen, V.,
Farreng, R., Guelachvili, G., Kou, Q., Le Roy, F,
Morillon-Chapey, M., “Line intensities in the 11- and
7.6-um bands of nitric acid,” J. Mol. Spectrost60, 524 —
539 (1993.

Goyette, T. M., Paulse, C. D., Oesterling, L. C., De Lucia,
F. C., Helminger, P.,“Torsional splitting in therg and v
vibrational band of HN@,” J. Mol. Spectrosc.167, 365—
374 (1999.

Jacox, M. E., “Vibrational and electronic energy levels of
polyatomic transient molecules,” J. Phys. Chem. Ref. Data,
Monograph No. 3(1994).

Grela, M. A, Colussi, A. J, “Quantitative
structure-stability relationships for oxides and peroxides of
potential atmospheric significance,” J. Phys. Chelfi(,
10150-101581996.

Paulse, C. D., Coudert, L. H., Goyette, T. M., Crownover,
R. L., Helminger, P., De Lucia, F. C., “Torsional splitting in
the vy band of nitric acid,” J. Mol. Spectrosd77, 9-18
(1996.

Tan, T. L., Wang, W. F., Looi, E. C., Ong, P. P,, “High
resolution FTIR spectrum of they band of HNQ,”
Spectrochim. Acta /2, 1315-13171996.

Wang, W. F,, Ong, P. P,, Tan, T. L., Looi, E. C., Teo, H. M.,
“Infrared analysis of the anharmonic resonance between
vg+vg and the dark stateg+v; of HNO;,” J. Mol.
Spectrosc183 407-413(1996.

Lucas, H., Petitet, J.-P., “High pressure Raman
spectroscopy of nitric acid,” J. Phys. Chem.1A3 8952—
8958, (1999.

Perrin, A., Flaud, J.-M., Keller, F., Goldman, A,
Blatherwick, R. D., Murcray, F. J., Rinsland, C. P,
“Analysis of the vg+ vg band of HNQ, line positions and
intensities, and resonances involving thg=v,=1 dark
state,” J. Mol. Spectroscl94, 113-1231999.

7.2. Extended Bibliography for Sulfuric Acid,

H,SO,

Thomas, J. S., Ramsay, A. G., “Partial pressures &8®]
over concentrated aqueous solutions of acid at high tem-
peratures,” J. Chem. So&23 3256-327(01923.

Abel, E., “The vapor phase above the system sulfuric acid-
water,” J. Phys. Chenb0, 260—283(1946.

Abel, E., “Basis for the calculation of the sulfuric acid
vapor pressure above the sulfuric acid-water system,” J.
Phys. Chem52, 908-914(1948.

Luchinskii, G. P., “Physicochemical study of the®-SG,
system. Il. The heat of reaction of the components of the
H,0-SGQ, system at different compositions of the liquid
phase,” Zh. Fiz. Khim.33, 1275-12791959.

Walrafen, G. E., Dodd, D. M., “Infrared absorption spectra
of concentrated aqueous solutions of sulfuric acid. 2.
H,SO, and HSQ vibrational fundamentals and estimates
of (Fhgg15~Ho)/T and Sygq 5 for H,SO, gas,” Trans.
Faraday Soc57,1286—-12961961).



62GIL/ROB

64WAL

66RAJ/RAM

71JAS/PAR

72STA/CAL

73GOP/RAO

TTMAJ

78JAN/HAY

80AYE/GIL

81BAI/TAY

81KAL/TRO

92BOC/GAM

96KEM/WER

98GIV/LAR

98MEI/SPR

O00IAN/BAN

NIST-JANAF THERMOCHEMICAL TABLES

Gillespie, R. J., Robinson, E. A., “The Raman spectra of34PEN/SUT2
sulfuric, deuterosulfuric, fluorosulfuric, and methane

sulfonic acids and their anions,” Can. J. Che#d, 644—

657 (1962.

Walrafen, G. E., “Raman spectral study of oleums,” J. 35SIM/FEH
Chem. Phys40, 2326-2341(1964).

Rajeswara, R. N., Ramanaiah, K. V., “Effect of temperature36NAT/RIG
on the Raman spectrum of sulfuric acid,” Indian J. Pure

Appl. Phys.4, 385—-388(1966.

Jaseja, T. S., Parkash, V., Dheer, M. K., Sethi, S41ZEI
“Stimulated Raman emissions from sulfuric acid,” J.

Chem. Phys54, 1419-1421(1971).

Stancu, A., Calistru, C., “On study of condensation process

of sulfuric acid,” Bull. Inst. Politech. lasi, Sec. 18, 77-84  43GIG/SCH
(1972.

Gopinath, C. R., Rao, K. S. R., “Thermodynamic properties

of some molecules of X&Y', and XGO,YZ types,” Curr.  46GLO/MAT
Sci. 42, 164-165(1973.

Majkowski, R. F., “Infrared absorption coefficient of 46MED
sulfuric acid vapor from 1190 to 1260 crh” J. Opt. Soc.

Am. 67, 624—-627(1977). A8WAL
Janoschek, R., Hayd, A., Weidemann, E. G., Leuchs, M.,

Zundel, G., “Calculated and observed isotope effects with

easily polarizable hydrogen and deuterium bonds,” J.49EVA/URI
Chem. Soc., Faraday Trans.72, 1238—-12451978.

Ayers, G. P, Gillett, R. W., Gras, J. L., “On the vapor

pressure of sulfuric acid,” Geophys. Res. Létt433-436 50EDS
(1980.

Baird, N. C., Taylor, K. F., “Ab initio MO calculations for 50GIG

the oxides, oxyacids, and oxyanions of sulfun and

sulfur(Vl1),” J. Comput. Chem2, 225-230(1981). 50GIG3
Kalugin, Yu. G., Trostin, V. N., Krestov, G. A., “X-ray

diffraction study of sulfuric acid,” Izv. Wssh. Uchebn. sosiM/MOR

Zaved., Khim., Khim. Teknol24, 428—-432(1981).

Bockris, J. O., Gamboa-Aldeco, M., Szklarczyk, M., “lonic

adsorption at the solid-solution interphase using three in

situ molecules,” J. Electroanal. Chen839, 355-360 5QTAY
(1992.

Kemnitz, E., Werner, C., Trojanov, S., “Reinvestigation of

crystalline sulfuric acid and oxonium, hydrogen sulfate,” 51 ABR/COL
Acta Crystallogr. C52, 2665—-26681996.

Givan, A,, Larsen, L. A., Loewenschuss, A., Nielsen, C. J.,

“IR spectrum of H,SO, species trapped in low temperature 51FOL/GIG
solid CO and in CO containing matrixes,” J. Chem. Soc.,

Faraday Trans94, 2277-22861998.

Meijer, E. J., Sprik, M., “A density functional study of the 51pH/GIG
addition of water to S@in the gas phase and in aqueous

solution,” J. Phys. Chem. A02, 2893-28981998.

lanni, J. C., Bandy, A. R., “A theoretical study of the

hydrates of (HSG,), and its implications for the formation gopmas/BIA
of new atmospheric particles,” J. Mol. Struct.:
THEOCHEM 497, 19-37(2000.

52ROB

7.3. Extended Bibliography for Hydrogen Peroxide,

29MAT/MAA

31VEN

32LIN/MAA

33THE

34PEN/SUT

H,0,

54GIG
Matheson, G. L., Maass, O., “The properties of pure hy-
drogen peroxide. VI,” J., Am. Chem. So&l1, 674-687
(1929. 54MAS/BIA
Venkateswaran, S., “Raman spectrum of hydrogen perox-
ide,” Nature (London 127, 406 (1931). 55GIG/LIU
Linton, E. P., Maass, O., “The electric moment of hydrogen
peroxide,” Can. J. Res/, 81-85(1932.
Theilacker, W., “The dipole moment of hydrogen 55LUF
peroxide,” Z. Phys. Chem/(Leipzig). B 20, 142-144
(1933. 56 TAY/CRO
Penney, W. G., Sutherland, G. B. B. M., “The theory of the
structure of hydrogen peroxide and hydrazine,” J. Chem.
Phys.2, 492—-498(1934).

897

Penney, W. G., Sutherland, G. B. B. M., “Structure of
hydrogen peroxide and hydrazine with particular reference
to electric moments and free rotation,” Trans. Faraday Soc.
30, 898-902(1934.

Simon, A., Feher, F., “Raman effect and the constitution of
hydrogen peroxide,”Z. Electrochem1, 290-293(1935.
Natta, G., Rigamonti, R., “Crystal structure and molecular
symmetry of hydrogen peroxide,” Gazz. Chim. It&6,
762-772(1936.

Zeise, H. Z., “Spectrum physics and thermodynamics. The
calculation of free energy, entropy, specific heat and
equilibrium from spectroscopic data and validity of thethird

law,” Z. Electrochem 47, 380—411(1941).

Giguere, P. A., Schomaker, V., “An electron-diffraction
study of HO, and hydrazine,” J. Am. Chem. So®&5,
2025-20291943.

Glockler, G., Matlack, G., “O—0 bond energy in hydrogen
peroxide,” J. Chem. Phyd4, 504-505(1946.

Medard, L., “The explosive character of hydrogen
peroxide,” C. R. Acad. Sci222, 1491-14931946.

Walsh, A. D., “Bond energies in peroxides and the energy
evolved in the reaction HO,=HO,,” J. Chem. Soc. 331—
339(1948.

Evans, M. G., Uri, N., “Dissociation constant of hydrogen
peroxide and the electron affinity of the HQadical,”
Trans. Faraday Sod5, 224-230(1949.

Edse, R., “The absorption spectrum and the dissociation of
hydrogen peroxide,”J. Chem. Phyk8, 244 -245(1950).
Giguere, P. A., “On the O-0O bond energy in hydrogen
peroxide,” Can. J. Res. B8485-491(1950.

Giguere, P. A., “The O-O bond energy in hydrogen
peroxide,” Can. J. Res. B8, 17—-20(1950.

Simon, A., Morchand, M., “Raman spectrum of alkaline
hydrogen peroxide solution and dissociation energy of the
O-0 bond,” Z. Anorg. Allgem. Chem262 192-211
(1950.

Taylor, R. C., “The infrared spectra of hydrogen and
deuterium peroxides in condensed phases,” J. Chem. Phys.
18, 898—899(1950.

Abrahams, S. C., Collin, R. L., Lipscomb, W. N., “The
crystal structure of hydrogen peroxide,” Acta Crystallogr.
15-20(195)).

Foley, W. T., Giguere, P. A., “Phase equilibrium in the
system hydrogen peroxide-water,” Can. J. Ch@9,.123—
131(195).

Phibbs, M. K., Giguere, P. A., “Hydrogen peroxide and its
analogues. lIl. Absorption spectrum of hydrogen and
deuterium peroxides in near ultraviolet,” Can. J. Ch&$,.
490-493(195)).

Massey, J. T., Bianco, D. R., “Microwave absorption
spectrum of hydrogen peroxide,” Phys. R&5, 717-718
(1952.

Robertson, A. J. B., “lonization and dissociation of
hydrogen peroxide induced by electron impact,” Trans.
Faraday. Soc48, 228—234(1952.

Giguere, P. A., “The properties and structure of hydrogen
and deuterium peroxides,” Bull. Soc. Chim. Fran@®,
720-723(1959.

Massey, J. T., Bianco, D. R., “The microwave spectrum of
hydrogen peroxide,” J. Chem. Phy&2, 442—448(1954.
Giguere, P. A, Liu, I. D., “Thermodynamic functions of
hydrogen peroxide taking into account internal rotation,”
J. Am. Chem. Soc77, 6477-64791955.

Luft, N. W., “Structure of the HO, molecule,” Monatsch.
Chem.86, 528—-534(1955.

Taylor, R. C., Cross, P. C., “Raman spectra of hydrogen
peroxide in condensed phases. I. The spectra of the pure
liguid and its aqueous solutions,” J. Chem. PI34.41—-44
(1956.

J. Phys. Chem. Ref. Data, Vol. 32, No. 2, 2003



898

57LIN/GUF

57SIM/HUR

58SIM/HUR

61HUN/PET

61MIL/HOR

62AMA/GIG

62FON/HUD2

62RED/OLS

63CAT/SAN

63HUN/LEA

65BUS/LEV

65LOW/PAR

66DRE

66GIG/CHA

66HUN/LEA

66KAL/SHA

66ZUE/SPA

67FIN/ALL
67FIN/ALL2

67MEL/PAR

67MOR/STO

67PAL/PIT

67PED/MOR

67PUT/GOD

67ROT/BLI

DOROFEEVA ET AL.

Lindeman, L. P., Guffy, J. C., “Determination of the O—O 67SPA/ZUE
bond energy in hydrogen peroxide by electron impact,” J.

Chem. Phys29, 247-248(1957).

Simkin, D. J., Hurd, C. O., “Vapor pressure and heat

content of saturated liquid and vapor hydrogen peroxide,"69BLU/HEN
Jet Propuls27, 419—-420(1957).

Simkin, D. J., Hurd, C. D., “Enthalpy and vapor pressure of
hydrogen peroxide,” Chem. En5, 155—-156(1958.

Hunt, R. H., Peters, C. W., “Far infrared spectrum of
hydrogen peroxide,” Spectrochim. Acta7, 1123-1126
(196D.

Miller, R. L., Hornig, D. F., “Infrared spectrum and force 7gH|/sAU
field of crystalline hydrogen peroxide,” J. Chem. Phg4,
265-272(1961).

Amako, Y., Giguere, P. A., “Calculation of the J@,
molecule by the L.C.A.0.-M.O.-S.C.F. method,” Can. J.
Phys.40, 765—-774(1962.

Foner, S. N., Hudson, R. L., “Mass spectrometry of th

HO, free radical,” J. Chem. Phy86, 2681-26881962. e71DAV/ALL
Redington, R. L., Olson, W. B., Cross, P. C., “Hydrogen
peroxide. Infrared spectrum and the internal rotation
problem,” J. Chem. Phys36, 1311-13261962.

Catalano, E., Sanborn, R. H., “On the infrared spectrum

hydrogen peroxide matrix-isolation studies of the systeanAN/VERZ
H,0,:Ny(Il),” 3. Chem. Phys.38, 2273-22761963.

Hunt, R. H., Leacock, R. A., “Internal rotation in hydrogen
peroxide,” Bull. Am. Phys. Soc8, 327-330(1963.

Busing, W. R., Levy, H. A, “Crystal and molecular
structure of hydrogen peroxide: A neutron-diffraction
study,” J. Chem. Phys42, 3054—-30591965.

Lowe, J. P, Parr, R. G., “Internal rotation in hydrogen
peroxide and methyl alcohol-simple electrostatic model,” J.
Chem. Phys43, 2565—-25661965.

Dreizler, H., “Group theory of torsion rotation spectra of
H,O,,” Z. Naturforsch. A21, 1628—16321966. T2KHA/PRZ
Giguere, P. A., Chapados, C., “The far infrared spectra of

H,0, and D,O, in the solid states,” Spectrochim. Ac22,

69VEI

70EWI/HAR

70VEI

71DUN/WIN

72GUI/LAM

72HOP/YAT

1131-1137(1966. 72KHA/PRZ2
Hunt, R. H., Leacock, R. A., “Far-infrared spectrum and
hindering potential of deuterium peroxide,” J. Chem. Phys.

72NEK

45, 3141-31471966.

Kaldor, U., Shavitt, I., “LCAO-SCF computations for
hydrogen peroxide,”J. Chem. Phy&4, 1823—-18291966.
Zuelicke, L., Spangenberg, H. J., “Calculation of the
internal rotation hindrance potential of hydrogen peroxide,“72RA'\‘/JOH
Theor. Chim. Actab, 139-147(1966.

Fink, W. H., Allen, L. C., “Origin of rotational barriers. 1,”
J. Chem. Phys46, 2261-22751967).

Fink, W. H., Allen, L. C., “Origin of rotational barriers. Il,”
J. Chem. Phys46, 2276—-22841967).

Melrose, M. P., Parr, R. G., “Some integral Hellmann—74ARN/GIG
Feinman calculations on hydrogen peroxide and ammonia,”

Theor. Chim. Acta8, 150—-156(1967).

Morozov, V. P., Storchai, N. T., “Comparative study of

force constants of hydrogen peroxide and hydrogen

disulfide,” Zh. Fiz. Khim.41, 86—92(1967). TADAV
Palke, W. E., Pitzer, R. M., “On the internal rotation
potential in HO,,” J. Chem. Phys46, 3948—-39501967).
Pederson, L., Morokuma, K.Ab initio calculation of the
barriers to internal rotation of C{H;, CH;NH,,
CH30H, N,H,, H,O,, and NHOH,” J. Chem. Phys46,
3941-39471967).

Putkova, V. K., Godney, I. N., “Thermodynamic functions
calculation for similar molecules,” Zh. Fiz. Khim4l,
2689-26921967).

Rothstein, S. M., Blinder, S. M., “The integral Hellman—
Feynman theorem applied to hydrogen peroxide,” Theor.
Chim. Acta8, 427—-430(1967).

73HUR

7AEAR/HIN

TAKAZ/KAT

74AMUS/MAG

J. Phys. Chem. Ref. Data, Vol. 32, No. 2, 2003

Spangenberg, H. J., Zuelicke, L., “Impediment potential,
torsional vibrations, and thermodynamic functions of
hydrogen peroxide,” Z. Phys. ChenfBRD) 52, 336—-342
(1967).

Blunt, F. J., Hendra, P. J., Mackenzie, J. R., “Laser Raman
spectra of salts containing the anions énd G~ ,” Chem.
Commun.(6), 278—-279(1969.

Veillard, A., “Distortional effects on the internal rotation in
hydrogen peroxide,”Chem. Phys. Le#, 51-52(1969.

Ewig, C. S., Harris, D. O., “Determination of barriers to
internal rotation,” J. Chem. Phy$2, 6268—-6271(1970.
Hillier, I. H., Saunders, V. R., Wyatt, J. F., “Theoretical
study of the electronic structure and barriers to rotation in
H,O, and HS,,” Trans. Faraday Soc66, 2665-2670
(1970.

Veillard, A., “Relaxation during internal rotation ethane and
hydrogen peroxide,”Theor. Chim. Acth8, 21-33(1970.
Davidson, R. B., Allen, L. C., “Rotational barriers in
hydrogen peroxide,” J. Chem. Phys5, 519-527(1971).
Dunning, Jr, T. H., Winter, N. W. “Hartree—Fock
calculation of barrier to internal rotation in hydrogen
peroxide,” Chem. Phys. Letill, 194—-195(1971).

Lannon, J. A., Verderame, F. D., Anderson, Jr., R. W,,
“Infrared spectrum of solid and matrix isolated,®, and
D,0,,” J. Chem. Phys54, 2212-22231971).

Guidotti, C., Lamanna, U., Maestro, M., Moccia, R.,
“Barriers to the internal rotation and observables of the
ground state for hydrogen peroxide,” Theor. Chim. A2
55-62(1972.

Hopkinson, A. C., Yates, K., Csizmadia, I. G., “Theoretical
study of the heats of formation of some small molecules
using nonempirical wave functions,” Theor. Chim. A@3,
369-377(1972.

Khachkuruzov, G. A., Przheval'ski, I. N., “Molecular
constants of hydrogen peroxide. I. Vibrational constants of
H,0,,” Opt. Spectrosc33, 237-242(1972.

Khachkuruzov, G. A., Przheval'ski, I. N., “Molecular
constants of hydrogen peroxide. Il. Vibrational constants of
D,0,,” Opt. Spectrosc33, 786—787(1972.

Nekrasov, L. I., “Higher hydrogen peroxides. XVII.
Change in the standard enthalpies of compound formation
in the H,O,—H,0;—H,0, series,” Zh. Fiz. Khim.46, 749
(1972.

Ranck, J. P., Johansen, H., “Polarization functions and
geometry optimization in ab initio calculations of the
rotational barriers in hydrogen peroxide,” Theor. Chim.
Acta 24, 334-345(1972.

Hurley, A. C., “Thermochemistry in the Hartree—Fock
approximation,” Adv. Quantum Chen?, 315-334(1973.
Arnau, J. L., Giguere, P. A., Abe, M., Taylor, R. C,,
“Vibrational spectra and normal coordinate analysis of
crystalline hydrogen peroxide, hydrogen peroxiig-and
hydrogen peroxidet, ,” Spectrochim. Acta A30, 777—796
(1979.

Davies, D. W. “Photoelectron spectra of hydrogen
peroxide and hydrogen disulphide: ab initio calculations,”
Chem. Phys. Lett28, 520-522(1974).

Earker, C. W,, Hinze, J., “Semiempirical MC—SCF theory.
I. Closed shell ground state molecules,” J. Am. Chem. Soc.
96, 4084 -40891974).

Kazuteru, O., Katsumi, K., “Photoelectron spectroscopic
study of hydrogen peroxide,” Chem. Phys. Lea§, 47-50
(1974.

Musso, G. F., Magnasco, V., “Localized orbitals and
short-range molecular interactions. lll. Rotational barriers
in ethane and hydrogen peroxide,” J. Chem. Ph§8.
3754-37591974.



7T4PRZ/IKHA

75DUN/WIN

75GIG/SRI

76BOT/MEY

76I0R

78CRE

78KHA/PRZ

79CRE/CHR

79KHA/PRZ

82BAI/GOD

84BAL/CAR

84BLO/JAN

84EPI/LAR

85DUE/CRI

85UZE/HYN

86BUT/TIC

86CAR/WEI

86HIL/JEN

86KOP

86UZE/HYN

NIST-JANAF THERMOCHEMICAL TABLES

Przheval'skii, I. N., Khachkuruzov, G. A., “Molecular 87HAL
constants of hydrogen peroxide. V. Force constants,” Opt.
Spectrosc36, 304—-308(1974.

Dunning, T. H., Winter, N. W., “Theoretical determination 87KHA/PRZ
of the barriers to internal rotation in hydrogen peroxide,” J.

Chem. Phys63, 1847-18551975.

Giguere, P. A., Srinivasan, T. K. K., “Raman study of 87REI
matrix isolated HO, and D,O,,” Chem. Phys. Lett.33,
479-482(1975.

Botschwina, P., Meyers, W., Semkov, A., “Force constants7SAN/LER
and equilibrium geometries in hydrogen peroxide and other

small molecules containing a hydroxyl group,” Chem.
Phys.15, 25—34(1976.

lorish, V. S., “New method for calculating thermodynamic
functions of molecules with internal rotation,” Dokl. Akad.
Nauk SSSR229 659-662(1976.

Cremer, D., “Theoretical determination of moleculargg~aravEI2
structure and conformation. 1. The role of basis set and

correlation effects in calculations on hydrogen peroxide,”J.
Chem. Phys69, 4440—-44551978.

Khachkuruzov, G. A., Przheval'skii, 1. N., “Molecular
constants of hydrogen peroxide. VII. Parameters of internal
rotation potential function,” Opt. Spectrosd4, 194-196

88CAR/WEI

88CHR/MAC

(1978. 88MAS/LEC
Cremer, D., Christen, D., “On tihg andr—structures of
hydrogen peroxide,” J. Mol. Spectrosc74, 480-482
(1979.
Khachkuruzov, G. A., Przhevalskii, 1. N., “On structural
parameters of hydrogen peroxide,” Opt. Spectro46,
880LS/HUN

1034-1034(1979.

Bair, R. A., Goddard, Ill, W. A., “Ab initio studies of the
structures of peroxides and peroxy radicals,” J. Am. Chem.

Soc.104, 2719-27241982.

Baldecchi, M. G., Carli, B., Carlotti, M., Di Lonardo, G.,

Forni, F., Mencaraglia, F., Trombetti, A., “High resolution 88UZE/MAC
molecular spectroscopy in the submillimeter region,” Int. J.
Infrared Millimeter Waves, 381-401(1984).

Block, R., Jansen, L., “Theoretical analysis of equilibrium
geometries and barrier of rotation in moleculegXi with
X=0, S, Se, Te,” J. Chem. Phy82, 3322-33271984.
Epiotis, N. D., Larson, J. R., Eaton, H. H:Common
denominators” by the MOVB method: the structures of 89SAW
water, hydrogen peroxide and their derivatives,” Croat.

Chem. Acta57, 1031-10531984.

Duebal, H. R., Crim, F. F, *“Vibrational overtone 90PER/FLA
predissociation spectroscopy of hydrogen peroxide,” J.

Chem. Phys83, 3863—38721985.

Uzer, T., Hynes, J. T., Reinhardt, W. P., “Overtone-induced
dissociation of hydrogen peroxide: a classical trajectory

study,” Chem. Phys. Lettl17, 600—605(1985. 91HUT/LUT
Butler, L. J., Ticich, T. M., Likar, M. D., Crim, F. F,

“Vibrational overtone spectroscopy of bound and
predissociative states of hydrogen peroxide cooled in
asupersonic expansion,” J. Chem. Ph@s, 2331-2332 92CAM/FLA
(1986.

89DOU/REI

Carpenter, J. E., Weinhold, F., “Torsion—vibrational

interaction in overtone excited states of hydrogen

peroxide,” J. Phys. Chenf0, 6405—-64081986. 93JOH/FRI
Hillman, J. J., Jennings, D. E., Olson, W. B., Goldman, A.,
“High-resolution infrared spectrum of hydrogen peroxide:

the vg fundamental band,” J. Mol. Spectrostl7, 46—59

(1986. 93PEL/YAM

Koput, J., “On the ,-structure and the torsional potential

function H,0,,” J. Mol. Spectroscl115 438—-441(1986.

Uzer, T., Hynes, J. T., Reinhardt, W. P., “Classical dynamic93THA/KOG
of intra molecular energy flow and overtone-induced

dissociation in HGH and HQD,” J. Chem. Phys.85,
5791-5804(1986.

899

Halonen, L., “Overtone and combination stretching
vibrational bands of hydrogen peroxide, ethene, and
propadiene,” J. Chem. Phy86, 3115-31261987).
Khachkuruzov, G. A., Przheval'skii, I. N., “On problem of
structure of HO, molecule,” Opt. Spectroscb3, 1161—
1162(1987).

Reinsch, E. A., “A theoretical investigation of the excited
states of the hydrogen peroxide molecule,” Chem. Phys.
Lett. 141, 369—-371(1987).

Sana, M., Leroy, G., Peeters, D., Younang, E., “Heats of
formation of some small molecules and radicals,” J. Mol.
Struct.: THEOCHEM36, 325-330(1987).

Carpenter, J. E., Weinhold, F., “Torsion—vibration
interactions in hydrogen peroxide. 1. Calculation of the
trans barrier for overtone excitations upue-8,” J. Phys.
Chem.92, 4295-43061988.

Carpenter, J. E., Weinhold, F., “Torsion—vibration
interactions in hydrogen peroxide. 2. Natural bond orbital
analysis,” J. Phys. Chen®2, 4306—-43101988.

Christen, D., Mack, H. G., Oberhammer, HAD' initio
study of some peroxides: HOOH, GEBOH, and
CH;O00CH;,” Tetrahedron44, 7363—7371(1988.

Masset, F., Lechuga-Fassat, L., Flaud, J.-M., Camy-Peyret,
C., Johns, J. W. C., Carli, B.,Carlotti, M., Fusina, L.,
Trombetti, A., “The far infrared spectrum of hydrogen
peroxide observed and calculated rotational levels of the
torsional states:(n,7)=(9,1),(9,3 and (1,1),” J. Phys.
(Parig 49, 1901-19101988.

Olson, W. B., Hunt, R. H., Young, B. W., Maki, A. G.,
Brault, W. B., “Rotational constants of the lowest torsional
component(0G) of the ground state and lowest torsional
component(1G) of the first excited torsional state of
hydrogen peroxide,” J. Mol. Spectrost27, 12—34(1988.
Uzer, T., Macdonald, B. D., Guan, V., Thompson, D. L.,
“Theoretical studies of mode specificity in the dissociation
of overtone-excited hydrogen peroxide,” Chem. Phys. Lett.
152 405-408(1988.

Douketis, C., Reilly, J. P., “High resolution vibrational
overtone spectroscopy of hydrogen peroxide in she=4
region,” J. Chem. Phys91, 5239-525(01989.

Sawyer, D. T., “Reevaluation of the bond-dissociation
energies AHy,9 for H-OH, H-OOH, H-O.H-0—, H—
OO- and H-00,” J. Phys. Cher@3, 7977-79781989.
Perrin, A., Flaud, J.-M., Camy-Peyret, C., Goldman, A.,
Murcray, F. J., Blatherwick, R. D., “New analysis of thg
band of HO,: The (n,7)=(0,1), (1,1, (2,1, (0,3, and
(1,3 torsional subbands,” J. Mol. Spectrosel2, 129-147
(1990.

Hutter, J., Luthi, H. P., Ho, T.-K., Ab initio ClI calculation

of the electronic states of HOOH: oscillator strengths and
optical rotatory strengths,” J. Mol. Struct.. THEOCHEM
234, 515-523(199)).

Camy-Peyret, C., Flaud, J.-M., Johns, J. W., Noel, M.,
“Torsion—vibrational interaction in hydrogen peroxide: first
high-resolution observation af;,” J. Mol. Spectrosc155,
84-104(1992.

Johnson, B. G., Frisch, M. J., “Analytic second derivatives
of the gradient-corrected density functional energy. Effect
of quadrature weight derivatives,” Chem. Phys. L&ti6
133-140(1993.

Pelz, G., Yamada, K. M. T., Winnewisser, G., “Torsional
dependence of the effective rotational constants e®H
and HS,,” J. Mol. Spectrosc159 507-520(1993.
Thakkar, A. J., Koga, T., Saito, M., Hoffmeyer, R. E.,
“Double and quadruple zeta contracted Gaussian basis sets
for hydrogen through neon,” Int. J. Quantum
Chem.,Quantum Chem. Symp7, 343—-354(1993.

J. Phys. Chem. Ref. Data, Vol. 32, No. 2, 2003



900

94KRU/BEL

94STR/SOK

94TAK/MUK

95COO/HUN

95FLA/PER

95KOP

95NIK/PAV

95PET/GOY

95SAM/MAS

96BEL/CAT

96GHO/RAH

96PER/FLA

97FLA/PER

97PET/TUO

97SHU/PIT

98DOB/MOL

98FER/SEN

98KOP/CAR

DOROFEEVA ET AL.

Krupnov, A. F., Belov, S. P., Winnewisser, G., Behrend, J.98LIT/RUS
Liedtke, M., Schieder, R., Yamada, K. M. T., Herbst, E.,

“The "Q,-branch of HOOH at 1.05 THz,” Z. Naturforsch.

A 49, 525-529(1994). 98MOS/PER
Strasburger, K., Sokalski, W. A., “Intramolecular
electrostatic interaction studied by cummulative atomic
multipole moment  expansion  with improved
convergence,”Chem. Phys. Le221, 129-135(1994).
Takeshita, K., Mukherjee, P. K., “Theoretical study on the
quasi-bound state and spectrum ofQ4 with inclusion of
the vibrational structure,” Chem. Physl82 195-202
(1994.

Cook, W. B., Hunt, R. H., Shelton, W. N., Flaherty, F. A., 98TYU/BAC
“Torsion-rotational energy levels, hindering potential, and

inertial parameters of the first excited vibrational state of

the antisymmetric O—H stretch in hydrogen peroxide,” J.

98PET/GOY

Mol. Spectroscl171, 91-112(1995. 99BRI/ROT
Flaud, J.-M., Perrin, A., Camy-Peyret, C., “Fourier

transform spectroscopy of asymmetric top molecules,”
Spectrochim. Acta /1, 1217-123(0(1995. 99BUR

Koput, J., “Anab initio study on the equilibrium structure
and torsional potential energy function of hydrogen

peroxide,” Chem. Phys. Let236, 516—-520(1995. 99GUT/LET
Nikitin, E. D., Pavlov, P. A., Popov, A. P., Nikitina, H. E.,

“Critical properties of hydrogen peroxide determined from

direct measurements,” J. Chem. Thermodgi, 945-952

(1995. 99KUH/RIZ

Petkie, D. T., Goyette, T. M., Holton, J. J., De Lucia, F. C.,

Helminger, P., “Millimeter/submillimeter-wave spectrum of
the first excited torsional state in HOOH,” J. Mol.
Spectroscl171, 145-159(1995.

Samdal, S., Mastryukov, V. S., Boggs, J. E., “Structural99MUK/PRA
changes as a function of torsional motion studied by ab

initio calculations. Part 4. The dependence of thedynamic

behavior of the structural parameters fos@® and HS, on

basis sets,”J. Mol. StrucB46, 35—40(1995.

Bellini, M., Catacchini, E., De Natale, P., Di Lonardo, G.,

Fusina, L., Inguscio, M., Venuti, E., “Stark and frequency 00CHE/MA
measurements in the FIR spectrum ofCd,” J. Mol.
Spectroscl77, 115-123(1996.

Ghosh, D. C., Raham, M., “A study of the origin of barrier
to internal rotation of molecules,” Chem. Environ. Rés.
73-88(1996.

Perrin, A., Flaud, J.-M., Camy-Peyret, J. M., Schermaul, R.,
Winnewisser, M., Mandin, J. Y., Dana, V., Badaoui, M., 00SHU/PIT
Koput, J., “Line intensities in the far-infrared spectrum of

H,0,,” J. Mol. Spectrosc176, 281-296(1996.

Flaud, J.-M., Perrin, A., “High-resolution infrared 01BAK/GAU
spectroscopy and one-dimensional large amplitude motion

in asymmetric tops: HN@ and H0,,” Adv. Ser. Phys.
Chem.9, 396-460(1997).

Pettersson, M., Tuominen, S., Raesaenen, M.,
spectroscopic study of #0,, HDO, and DO, isolated in
Ar, Kr, and Xe matrixes,” J. Phys. Chem. 201, 1166—
1171(1997).

Shundalov, M. B., Pitsevich, G. A., “Calculation of 01CHE/MA
torsional vibrations in the hydrogen peroxide molecule,”

Vestn. Beloruss. Gos. Univ., Ser. llp. 1, 6-10(1997.

Dobado, J. A., Molina, J. M., Olea, D. P.Ab initio

molecular study of hydrogen peroxide. Application of 01KOP/CAR
density functional methods,” J. Mol. Struct.: THEOCHEM
433 181-192(1998.

Fernandez-Herrera, S., Senent, M. L., “Ab initio
potential energy surface for the, vibrational mode of
hydrogen peroxide,” J. Mol. Structt70, 313—319(1998.
Koput, J., Carter, S., Handy, N. C., “Potential energy
surface and vibrational-rotational energy levels of02HEN/HEL
hydrogen peroxide,” J. Phys. Chem. 202 6325-6330

(1998.

00KUH/RIZ

“I1BEN/VET

01SAY/OLI

J. Phys. Chem. Ref. Data, Vol. 32, No. 2, 2003

Litorja, M., Ruscic, B., “A photoionization study of the
hydroperoxyl radical, H®, and hydrogen peroxide,
H,0,,” J. Electron. Specros®7, 131-146(1998.

Moscard, F., Perez-Jimenez, A. J., Cjuno, J. A,
“Self-consistent field calculations using two-body density
functionals for correlation energy component Il. Small
molecules,” J. Comput. Cheni9, 1899-19081998.

Petkie, D. T., Goyette, T. M., De Lucia, F. C., Helminger, P.,
Belov, S. P, Winnewisser, G., “Millimeter and
submillimeter-wave spectrum of hydrogen peroxide in the
ground andv;=1 vibrational states,” J. Mol. Spectrosc.
192 25-31(1998.

Tyulin, V. I, Bachi-Tom, P. A. L., Matveyev, V. K.,
“Calculation of equilibrium structure of KD, molecule
and correction of its torsional potential,” Vestn. MGU,
Ser.2,39, 75-82(1998.

Bridgeman, A. J., Rothery, J., “Bonding in mixed halogen
and hydrogen peroxides,” J. Chem. Soc., Dalton Tra2s.
4077-40821999.

Burenin, A. V., “Qualitative treatment of nonrigid motions
in the HOOH molecule,” J. Struct. Chenmt0, 23-28
(1999.

Gutierrez-Oliva, S., Letelier, J., Toro-Labbe, A., “Energy,
chemical potential and hardness profiles for the rotational
isomerization of HOOH, HSOH and HSSH,” Mol. Phys.
96, 61—-70(1999.

Kuhn, B., Rizzo, T. R., Luckhaus, D., Quack, M., Suhm, M.
A., “A new six-dimensional analytical potential up to
chemically significant energies for the electronic ground
state of hydrogen peroxide,” J. Chem. Phyd1 2565—
25871999.

Mukherjee, P. K., Senent, M. L., Smeyers, Y. G.,
“Half-projected = Hartree—Fockcalculations ~ for  the
spectroscopic parameters, frequencies, and intensities of
thetorsional mode of the lowest lying singlet excited states
of hydrogen peroxide,” Int. J. Quantum Chemb, 631—
636 (1999.

Chen, R., Ma, G., Guo, H., “Full-dimensional quantum
calculation of the vibrational energy levels of hydrogen
peroxide (HOOH),” Chem. Phys. Lett. 320567-574
(2000.

Kuhn, B., Rizzo, T. R., “State-to-state studies of
intramolecular energy transfer in highly excited
HOOH(D),” J. Chem. Phys112 7461-74742000.
Shundalov, M. B., Pitsevich, G. A., “The torsion potential
function of hydrogen peroxide and disulfan molecules,” J.
Appl. Spectrosc67, 612—616(2000.

Bak, K. L., Gauss, J., Jorgensen, P., Olsen, J., Helgaker, T.,
Staton, J. F., “The accurate determination of molecular
equilibrium structures,” J. Chem. Phy414, 6548-6556
(2009.

Benderskii, V. A., Vetoshkin, E. V., Irgibaeva, I. S,
Trommsdorf, H., “Size-dimensional tunneling dynamics of
internal rotation in hydrogen peroxide molecule and its
isotopomers,” Russ. Chem. Bub0, 366—-375(2001.

Chen, R., Ma, G., Guo, H., “Six-dimensional quantum
calculations of highly excited vibrational energy levels of
hydrogen peroxide and its deuterated isotopomers,” J.
Chem. Phys114, 4763—47742001).

Koput, J., Carter, S., Handy, N. CAH initio prediction of
the vibrational-rotational energy levels of hydrogen
peroxide and its isotopomers,” J. Chem. Phi&5 8345—
8350(2007).

Sayos, R., Oliva, C., Gonzales, M.Ab initio CASPT//
2CASSCF study of the GD)+H,O(X *A;) reaction,” J.
Chem. Phys115, 8828(2001).

Hennum, A. C., Helgaker, T., Klopper, W., “Parity-violating
interaction in HO, calculated from density-functional
theory,” Chem. Phys. Lett354, 274-282(2002.



02LEE

02MAT/CHA

NIST-JANAF THERMOCHEMICAL TABLES 901

Lee, J. S., “Accurate structure and torsional barrier height®2MLA

of hydrogen peroxide,” Chem. Phys. Le859 440-445
(2002.

Matsunaga, N., Chaban, G. M., Gerber, R. B., “Degeneraté)ZYUI'VIUC

perturbation  theorycorrections for the vibrational
self-consistent  field approximation: method and
applications,” J. Chem. Phy417, 3541(2002.

Mladenovic, M., “Discrete variable approaches to
tetratomic molecules Part II: application to,®, and
H,CO,” Spectrochim. Acta A58, 809—824(2002.

Yu, H.-G., Muckerman, J. T., “A general variational
algorithm to calculate vibrational energy levels of
tetraatomic molecules,” J. Mol. Spectroz14, 11 (2002.

J. Phys. Chem. Ref. Data, Vol. 32, No. 2, 2003



	Contents
	1. Introduction
	1.1. References for the Introduction

	2. Nitric Acid, HONO2
	2.1. Enthalpy of Formation
	2.2. Heat Capacity and Entropy
	2.3. References for Nitric Acid

	3. Sulfuric Acid,  (HO) 2 SO2
	3.1. Enthalpy of Formation
	3.2. Heat Capacity and Entropy
	3.3. References for Sulfuric Acid

	4. Hydrogen Peroxide, H2 O2
	4.1. Enthalpy of Formation
	4.2. Heat Capacity and Entropy
	4.3. References for Hydrogen Peroxide

	5. Conclusions
	6. Acknowledgments
	7. Extended Bibliographies
	7.1. Extended Bibliography for Nitric Acid, HNO3
	7.2. Extended Bibliography for Sulfuric Acid, H2 SO4
	7.3. Extended Bibliography for Hydrogen Peroxide, H2 O2


	List of Tables
	1. Ideal gas thermochemical properties of nitric acid HNO 3 (g) at standard state pressure, p°=0.1 MPa (T r 5298.15 K)
	2. Enthalpies of formation of H 2 SO 4 ,SO 3 , and SO 2 calculated at different levels of theory
	3. Ideal gas thermochemical properties of sulfuric acid H 2 SO 4 (g) at standard state pressure, p°=0.1 MPa (T r 5298.15 K)
	4. Ideal gas thermochemical properties of hydrogen peroxide H 2 O 2 (g) at standard state pressure, p°=0.1 MPa (T r 5298.15 K

	List of Figures
	1. Potential function governing internal rotation of sulfuric acid as determined at the B3LYP/cc-pVTZ level of theory.


